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STUDIES ON THE RELATION OF fHE NON-
AVAILABLE WATER OF THE SOIL TO 
THE HYGROSCOPIC COEFFICIENT. 
B)'. F . J. ALWAY. 
INTRODUCTION. 
Tt is generally recognized that a mere statement of the total 
moisture content of a soil gives little or no information as to the 
amount of water which is avai lable to plants growing upon that 
soil. To obtain such information it is necessary to first ascer-
tain the nonavailable portion of the soil water. Sachs in 1859 
introduced the direct method for the determination of this--al-
lowing plants to grow in flowerpots filled with the soil until they 
permanently wilted and then determining the amount of moisture 
remaining At practically the same time Hilgard developed an 
indirect method-the determination of the hygroscopic coeffici ent 
of the soil, which consists in exposing a very thin layer of air-
dry soil to an atmosphere s,aturated with water vapor and kept at 
a practically constant temperature until the maximum amount of 
hygroscopic moisture has been absorbed, a fter which the water 
content is determined. 
Notwithstanding the fact that the descriptions of both these 
methods were published over :fifty years ago, almost all investi-
gators who have occasion to make soil moisture determinations 
still publish their data in the form of percentages of total water. 
In field studies where the soil is exceptionally uniform such data 
may possess definite significance to the individual investigator 
well acquainted with the particular soil, but usually the data are 
meaningless to others and often are entirely misleading even to 
him who has made the moisture determinations. Such data do 
not permit of the recognition of a particular soil as either rela-
tively rnoist or relatively dry yet practically any farmer can rec-
ognize a soil as either moist or dry by merely looking at it and feel-
ing it. That most soil investigators have so long continued to 
follow a method whi ch does not give as mu ch useful information 
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regarding the amounts of available soil moisture as can be se-
cured by an ordinary farmer using only his eyes, his hands, and a 
spade or auger, is not so remarkable as it may at first appear. 
On the one hand, the direct determination of the nonavailable soil 
moisture is so tedious that in field studies, where a separate de-
termination for every sample might be necessary, the amount of 
labor involved appears prohibitive.1 On the other hand, experi-
mental data on the relation of the nonavailable water to the 
hygroscopic coefficient are very scanty and there has never been 
a general recognition of the latter as equivalent to the nonavail-
able moisture. The general failure to recognize that differences 
in moisture content which are very apparent while the samples are 
being collected are not to be detected from the tabulated percent-
ages of total water is probably due to the general practice of 
having assistants or laborers attend to the coUecting of the sam-
ples. 
The lack of a general recognition of the importance of the de-
termination of the hygroscopic coefficient is probably, however, 
due chiefly to the reaction from the old view of the practical im-
portance to be attributed to the relative amounts of moisture 
which different soils, when dry are able to absorb from the at-
mosphere, a view which originated with Sir Humphrey Davy 
early in the nineteenth century and was fully accepted by the 
foremost investigators until 1875. The long acceptance of this 
erroneous view of the value of the hygroscopicity of soils was due 
to the prevailing opinion that the amount of water lost by trans-
piration from a unit area of land was far in excess of the 
amount of water falling, as rain and snow, upon the same area .. 
This loss had been calculated from pot experiments in which 
plants had at all times been kept supplied with an abundance of 
1 A good illustration of the variability of the soil of individual samples 
from foot to foot and from boring to boring is indicated in the following, 
which gives the hygroscopic coefficients of soil samples taken from dif-
ferent fields at the same time or from the same field at different times 
on the H O Ranch, near Madrid, Nebraska: 
Depth No. l No.2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8 No. 9 No. IO No. 11
-- -- --·-- -- - - ·-- -
- -
Feet 
1 7.8 8.5 8 0 7.5 7 1 7.4 5.9 8 5 7.0 5 3 1 9 
2 1.0 4 9.8 9.8 10 .5 10 4 6 3 10.2 7.8 5 1 1.8 
3 10 2 9.8 11 3 9.2 8 0 7 0 6.4 12.4 9 3 3 3 1 7 
4 7.0 8.3 7.7 6.9 6.7 7.2 7.1 13.1 13.0 3.0 1.5 
7 0 6.4 6.6 6 3 7.1 7.7 12 2 14 2 3 0 1 8 
6 7.8 7.4 6.3 6.0 9 1 9 3 9 0 12 8 1 9 1.9 
7 5.9 4.0 4.1 9.1 1 5 9.4 2 7 1.7 
8 .. . . . . . . 5.1 3 9 1 9 9 9 .2 .. 2.2 1 8 
2 9 7 7 9 9 2 1 5 
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water, it being assumed that the loss in the field was at the same 
rate per unit ar ea of surface. The transpired water, thus calcu-
lated, exceeded the precipitation and to account for the difference 
it seemed necessary to assume that the soil could have absorbed 
and rendered available to vegetation the ever-present water vapor 
of the atmospher e. Later it was found that the loss of water by 
transpiration depended upon the degree of moistness of the soil 
and that, hence, there was no evidence of any such deficit. Ex-
periments by Mayer and by Heinrich indicated that p lants were 
unable to make any use of the hygroscopic moisture and that 
none of t he moisture of t he air was rendered available to the plant 
tbru t he absorbent power of the soil , and Mayer discouraged 
even indicating the hygr oscopicity of soils on the ground that it 
would cause confusion if very hygroscopic soils were marked with 
a defect in regard to the water supply when this was not of much 
pr actical significance for t he reason t hat t hese soils were the very 
ones that had t he highest water capacity. 
Following this proof of the falsity of t he old conception of 
the significance of the hygroscopicity of soils came the view, 
carried to the opposite extreme, that a knowledge of the hygro-
scopic power of different soils is practica lly valueless, t he ques-
t ion of t he usefulness of a knowledge of t he r elative hygrosco-
picity of soils being apparently confused with the distinct ques-
tion of the usefulness to plants of the hygroscopic moisture of t he 
soil. 
Loughridge was the first in connection with field studies of 
soil moisture to determine the hygroscopic coefficients of all the 
samples dried and to tabulate the f ree w ater as well as the total 
water. Loughridge's work first suggested to th e writer the de 
termination of the hygroscopi c coeffi cients of the different soil 
samples, t aken in connection with a field study of soil moisture 
in 1904-1905, after be bad found that there was little agreement 
between the data on the total soil moisture and hi s field notes. 
The data on t he free water, on the contrary, agreed with the field 
observations. The r esults of this field study suggested the pot 
experiments reported in the following pa ges. These experiments 
were carried out in connection with and subordinate to various 
soil investigations, the object being to determine the relation of 
the final water content of the soil to the hygroscopic coefficient 
and to determine to what extent th e moi sture was r emoved from 
the different portions of the subsoil not penetrated by plant roots. 
For assistance in the experiments t he writer is indebted to 
Dr. W. D . Bonner , Dr. R. A. Gortner Mr. G. R. McDole Prof. 
R. S. Trumbull and the late Mr. W. A. Wullschleger
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REVIEW OF PREVIOUS WORK. 
OLDER VIEW OF THE IMPORTANCE OF THE HYGROSCOPI CITY OF SOILS. 
Davy considered that the hygroscopic power of soils enabled 
them to render the water of the atmosphere available to plants 
and that the relative hygrosopicity of a soil served as an index 
of the productiveness of land. "The power of soils to absorb 
water from air is much connected with fertility. When this 
power is great the plant is supplied with moisture in dry seasons, 
and the effect of evaporation in the day is counteracted by the 
absorption of aqueous vapor from the atmosphere, by the interior 
parts of the soil during the day, and by both the exterior and 
interior during the night "I have compared the absorbent 
power of many soils with respect to atmospheric moisture and 
I have always found it greatest in the most fertile soils so that it 
affords one method of judging of the productiveness of land." 2 
Schubler who was the first to determine the maximum 
amount of moisture absorbed by various soils when exposed to 
an atmosphere almost saturated with water vapor, agreed in the 
main with Davy's view but pointed out that the power of absorp-
tion, considered alone, might be very deceptive as he had found 
that "a pure, infertile clay absorbs in twelve hours 
more than a very fertile garden soil." 
Liebig accepted Davy's view as to the value of the moisture 
absorbed from the air. When in the hot summer the surface of 
th e ground is dry, and there is no replacement of moisture by 
capillary attraction from the deeper strata the powerful attrac-
tion of the soil for the vapors of water in the air provides the 
means for supporting vegetation." 
Sachs in 1859 distinguished experimentally between the 
available and the nonavailable water. He grew tobacco plants in 
three different soils,-a vegetable mold, a loam, and a quartz 
sand- and found that they wilted permanently, while 12.3, 8.0, 
and 1.5 per cent respectively of water remained in the soil. The 
maximum water capacities of the three soils were 46, 52.1, and 
20.8 per cent. He made no determination of the relative hygro-
scopicity of the soils. The ronsiderations leading up to these 
experiments he stated as follows : 
If one wishes to learn to know the relation of the plant to 
1 Davy, Sir Humphrey. Agricultural Chemistry, Second Edition, 1814, 
p. 183. 
Ibid., p. 184. 
• Schiibler, G. Grundsatze der Agrikulturchemie 1830, vol. 2, p. 82 · 
Liebig, J. Letters on Modern Agriculture, 1859, p. 48. 
' Sachs, J. Ueber den Einfluss der chemischen und physikalischen Be-
schaffenheit des Bodens auf die Transpiration der Pflanzen. Landwirth-
schaftlichen Versuchs-Stationen, 1859, vol. 1, p. 235. 
Ibid. p. 234. The writer is responsible for the translation. 
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th e soil water it does not suffice to know how much water a cer-
tain kind of soil can take up, we must much more know whethe1· 
and how rnuch of this the plant can take up. -x- For this 
purpose one must determine the degree of moistness of the soil at 
which the plants no longer are in position to withdraw from it 
the minimum of their needs, where the roots in the soil no 
longer can take up so much water as may be necessary to re-
p lace the smallest evaporation from the leaves. This takes place 
when the leaves in a very moist atmosphere, even by night, re-
main wilted. Wilting by day and in dry air proves only that 
the leaves give out more than the roots are able to take up in the 
same time, but it does not prove whether the roots are no longer 
able to take up any; by strong sunlight the leaves can wilt, even 
when the roots take up very much and stand in very moist soil. 
When on the other hand the leaves wilt in moist air and by the 
absence of light, where their transpiration is almost zero, this 
proves that the roots are unable to take up even this small quan-
tity and that if the plant should need more it would only. suffer 
so rnuch a greater shortage. When the plant is in this condition, 
the soil can still contain considerable quantities of water, more 
or less according to its nature." 
To test the commonly accepted view as to the importance of 
the abilityof different soils to attract water vapor from the at-
mosphere Sachs carried out two experiments/ one with a scarlet 
runner plant Phaseolus multiflorus and another with a to-
bacco plant. These experiments indicated that a very hygro-
scopic soil under certa.in conditions was able to attract enough 
moisture from an almost saturated atmosphere to maintain the 
life of plants. In the first experiment, that with the scarlet run-
ner, he took a young plant with three leaves, grown in a very 
heavy soil in a porous earthen flowerpot, and allowed it to stand 
without watering until the soil was fully air-dry and the leaves 
began to wilt. Then the bottom of a high and roomy glass cylin-
der was covered with a shallow layer of water, an inverted beaker 
placed in the middle of it, and on the bottom of this the flower-
pot placed. The upper opening of the cylinder was closed with 
a divided glass cover in such a way that only the thin stem 
of the plant projected thru the central opening in the cover. 
Thus the leaves were exposed to the air of the room while the 
soil containing the roots was in an almost saturated atmosphere. 
The wi lted leaves became fresh and remained turgescent during 
two months June and ,Ju ly) without ever wilting. No fnrther 
development took place. the original leaves remaining healthy 
hut no new ones appearing In the second experiment a tobacco 
Ibid. , p. 236. 
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plant with three large leaves was grown under similar condi-
tions but in a soil of vegetable mold. Sachs had expected a more 
favorable outcome in the latter experiment on account of the 
greater hygroscopicity of the soil used but the results were simi-
lar to those in the first. 
Mayer in 1871, altho questioning the correctness of the cal-
culations which showed a transpiration exceeding the precipita-
tion, accepted the old view. "The absorptive power of the soil 
for water " is under all circumstances a useful soil
property, as it becomes active only when there is an actual 
scarcity of water in the soil and so acts as a regulator." "The 
water thus condensed in porous solid bodies conducts itself ex-
actly like other capillary held water and can; for example. 
when a field soil has in this way condensed water, be taken up 
by a plant's roots just like that which has entered the small in-
terstices of the soil from the rain or by watering." 
RECOGNITION OF THE FALSITY OF THE OLDER VIEW. 
Wilhelm was as early as 1861 inclined to conclude from 
his exper iments that the absorptive power of the soil was useless. 
Reisler according to Hilgard, began, in 1868, the experi-
mental testing of the reality of the accepted importance of the 
absorptive power of the soil for the development of plants. 
Mayer in 1875 reported experiments similar, to those of 
Sachs, using peas, barley, and buckwheat in flowerpots filled with 
sand, garden soils, marl, and sawdust, the last as representative 
of very hygroscopic soils. In the case of each he determined 
both the water content at the time of the collapse of the plant 
and the hygroscopicity by Schubler's method. He concluded that 
the power of condensation of the soil does not benefit the plants, 
as these have already been injured beyond recovery before the 
soil is able to absorb moisture from the air , and that the trans-
piration of plants in the field had been greatly overestimated, 
there being no proof of an actual deficit of water. He recog-
nized that the water remaining in the soil on the wilting 
of a plant was closely related to the maximum amount of 
1 Mayer, Adolph. Agrikulturchemie, First Edition, 1871, Part II, p. 
130. The writer is responsible for the translation. 
2 Wilhelm, G. Der Boden und das Wasser, 1861, Vienna, as reviewed 
in Hoffmann's Jahresberichte uber die Fortschritte der Agrikulturchemie, 
vol. 5, 1862-1863, p. 18. 
Hilgard, E. W. Ueber die Bedeutung der hygroskopischen Boden-
feuchtigkeit fur die Vegetation. Forschungen auf dem Gebiete der Agri-
kulturphysik, vol. 8, 1885, p . 93 . 
Mayer, Adolph. Studien uber die Wasserverdichtung in der Acker-
erde. Fruhling's neue landwirthschaftliche Zeitung, vol. 24, 1875, pp. 87-
97, as abstracted in Biedermann's Centralblatt fur Agrikulturchemie, vol. 
11, 1877, pp. 243-249. 
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moisture which the soil was able to absorb from an almost 
saturated atmosphere. He considered this, however, to have 
little practical importance as " by a remarkable coincidence 
the most stron gly condensing soils are usually those with 
the highest water capacity and· it would probably only cause con-
fusion if we were to mark these soils with a blemish in 
regard to the supply of water on account of a not very productive 
correction
Somewhat previous to Mayer, Heinrich had begun a series 
of experiments which were similar to those of Sachs but in-
cluded many additional precautions to make his results more ac-
curate and employed a larger number of different pla.nts and soils. 
Later he cont inned his experiments, still further improving his 
methods The plants were grown in glass vessels of 80 to 100 c.c., 
until they had reached considerable development. The room 
was protected from the direct sunlight and from rapid changes 
of air, the atmosphere being kept ' almost saturated with water, 
and care being taken to insure the soil being as thickly penetrated 
by roots as possible so that at the conclusion of the experiment 
all parts of t he so il would be equally exhausted of water. On the. 
wilting of the plants in a moist atmosphere they were quickly 
removed fro m the soil which was then thoroly mixed for a mois-
ture determination The maximum amount of hygroscopic mois-
ture which the soils could absorb was determined by exposing 
them in thin layers, in some cases for weeks, to a saturated at-
mosphere. He used six soils, ranging in hygroscopic coefficient 
from 1.15 to 42.30, and found that in no case was the plant able 
to reduce the moisture content to the hygroscopic coefficient be-
fore wilting. 
To decide whether plants differ ed from one another in their 
ability to exhause the soil moisture, he used nineteen different 
cultivated plants, including wheat, oats, barley, rye, corn, red 
clover, alfalfa, and potatoes, and also two plants from dry sandy 
soils and one swamp plant. From these experiments he con-
cluded that "Neither the differ ent cultivated plants nor those 
designated as swamp and sand plants differ in their ability to 
extract water from the soil." 
1 Ibid., p . 248. The writer is responsible for the translation. 
H e inrich, R. Die Absorptionsfiihigkeit de r Bodenarten fiir W asser-
dampf und der en Bedeutung f iir die Pflan zen. Landwirtschaftliche Annalen 
des mechlenburgischen patriotischen Ver eins, Neueste Folge, vol. 15, 1871, 
pp. 353-358 and 361-363, as abstracted in Biedermann's Centralblatt fiir 
Agrikulturchemie, vol. 12, 1877, p . 16. 
3 Heinrich, R. Zweiter Bericht iiber die Verhaltnisse und Wirksamkeit 
der Jandwirthschaftlichen Versuch s·Station zu Rostock, 1894, p. 29. 
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STUDIES OF THE HYGROSCOPIC COEFFICIENT BY HILGARD AND 
LOUGHRIDGE. 
Hilgard, soon after being appointed State Geologist of Mis-
sissippi in 1858, began a study of the soils of that state, using 
essentially the methods of chemical analysis employed by Owen 
and Peter in connection with the geological survey of Kentucky 
and Arkansas. The most notable change he made in the method 
was the introduction of the determination of the hygroscopic co-
efficient, altho he did not use this term at that time, it appearing 
first in 187 4. 1 In the case of each soil sample analyzed he de-
termined this first of all. He states :2 "The methods I have pur-
sued in the quantitative analysis of soils, etc., are essentially 
those described by Dr. R. Peter in the Third volume of the Ken-
tucky Geological Report. * I have substituted for the 
determination of moisture contained in the air-dry soil (varying 
greatly within brief periods,) , that of the moisture absorbed by 
the same at a fixed temperature if possible, in an atmosphere at 
the point of saturation with aqueous vapor; which renders the 
determinations directly comparable and seems to offer a very 
important element in the treatment of soils." He recognized in 
it an index of the degree of heaviness of a soil. 
Details of Hilgard's method were published earliest by Lough-
ridge who was 'a student under Hilgard and who continued the 
study of the soils of Mississippi. The method was described 
later by Hilgard.4 Loughridge states : "In beginning the analy-
sis of Mississippi soils in 1859 Dr. Hilgard adopted the following 
method which has also been adhered to by his successors in this · 
work, in over two hundred analyses made. The soil is pulver-
ized with a rubber pestle. * * * The hygroscopic moisture is 
determined, after exposing it in a space saturated with vapor in 
a layer not exceeding 1 mm. in thickness, for 12 hours, by drying 
at 200° C. in a paraffine bath." Loughridge expressed this as 
"the hygroscopic moisture from 7° to 21 ° 0." Evidently the 
terms hygroscopic coefficient and hygroscopic moisture had been 
in common use between Hilgard and Loughridge during their 
ntrly association. 
1 Hilgard, E. W. Silt Analyses of Mississippi Soils and Subsoils, 
American Journal of Science, vol. 7, 3d Series, p. 9, 1874. This paper
had previously been read at the Portland meeting of the A. A. A. S. in 
1874. 
2 Hilgard, E. W. Geology and Agriculture of the State of Mississippi, 
1860, p. X. 
Loughridge, R. H. On the Influence of Strength of Acid and Time 
of Digestion in the Extraction of Soils. American Journal of Science. vol. 
7, 3d Series, 1874. pp. 20-23. 
Bulletin 38, Bureau of Chemistry, U. S. Dept. of Agr., 1893, and Cir-
cular No. 6, University of California Experiment Station, 1903. 
Relation of Nonavailable Water to Hygroscopic Coefficient 13
Subsequently iu their work in California they changed the 
temperature of drying from 200° C. to 110° C. to avoid expulsion 
of combined water and the partial carbonization of organic mat-
ter at the former temperature; this method is still in use by them. 
In 1880 Hilgard1 reported the hygroscopic coefficients of 435 
soils from eleven different states and territories, all the deter-
minations having been made by himself or Loughridge in Mis-
sissippi or by his assistants at the University of California. 
Rilgard, 2 using the results of his studies in the arid portions 
of California, replied to Mayer's sweeping statements, his con-
clusions being summarized in the following: 
1. "Soils of high hygroscopic power can withdraw from moist 
air enough moisture to be of material help in sustaining the life 
of vegetation in rainless summers, or in time of drouth. It can-
not, however, maintain normal growth, save in the case of some 
desert plants. 
2. "High moisture absorption prevents the rapid and undue 
heating of the surface soil to the danger point, and thus often 
saves crops that a.re lost in soils of low hygroscopic power." 
On Hilgard and Loughridge being associated a second time 
they seem for the first time to have applied to the study of soils 
under drouth conditions their knowledge of the significance of 
the hygroscopic coefficient. "In the following pages the hygro-
scopic moisture and the free water of the soil are frequently 
spoken of, the latter being that contained over and above what is 
held in the hygroscopic condition, and representing that which 
is considered as free to enter the plant roots and upon which 
the plant chiefly depends." 4 "The actual amounts ( of water) 
required for particular cultures * •· are found by elimi-
nating the hygroscopic moisture and ascertaining the amount of 
free water present in soils where cultures grew and where they 
suffered and comparing the results In this study Loughridge 
reports upwards of 100 determinations of the moisture in the 
1 Hilgard, E. W. Cotton Production in the U. S., vols. 5 and 6, Tenth 
Census of the U. S., 1880. 
Hilgard, E. W. Proceedings of the American Society for the Promo-
tion of Agricultural Science, vol. 1, 1882, p. 118. Ueber die Bedeutung 
der hygroskopischen Bodenfeuchtigkeit fur die Vegetation. Forschungen 
auf dem Gebiete der Agrikulturphysik, vol. 8, 1885, pp. 93-100. Soils, New 
York, 1906, pp. 199-201. 
Hilgard, E . W., and Loughridge, R. H . Endurance of Drouth in Soils 
of the Arid Region. Report of the Agricultural Experiment Station of the· 
University of California for the year 1897-8, pp. 40-64.-Loughridge, R. H. 
Moisture in California Soils During the Dry Season of 1898, ibid., pp. 
65-96. 
Ibid., p. 66. 
'Ibid., p. 95. Quoted also in Hilgard's "Soils," New York, 1906, pp. 
212-218. 
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field-the average of the first 4 feet in each case-stating in 
each case the percentages of total, hygroscopic, and free water. 
Hilgard, as pointed out above, had recognized in the hygro-
scopic coeffi'cient an index of the heaviness of soils-the expres-
sion, in a single value, of the texture of the soil-thus anticipating 
by fifty years the view of Briggs and McLane1 as to the desir-
ability in soil classification of a single-valued numerical term ex-
pressing a common physical property of agronomic importance. 
LATER STUDIES ON THE NONAVAILABLE WATER AND ON THE RELATIVE 
HYGROSCOPICITY OF SOILS. 
Gain, using Erigeron canadensis, Lupinus albus, and Phase-
olus vulgaris, allowed the plants, in porous earthenware pots, to 
wilt and then determined the moisture content of the soil. He 
used six different soils of which he had determined the "coeffi-
cient of hygroscopicity according to the method of Schubler
He found rather irregular differences for the different plants but 
concluded that different plants behave in much the same man-
ner as regards resistance to drouth. 
Soil 
Heath soil 
Clay ......... ..... . . ... . . 
Humus. 
Calcareous sand 
Garden soil. ..... 
Silicious sand .. . 
' Coefficient of hygroscopicity* Water content when plants wilted 
1.75 
6.0 
0.15 
2.6 
0.0 
Pe,· cent 
9.26 to 11.50 • 
7.73 to 11.10 
5.92 to 6.95 
2.90 to 5.23 
1.79 to 2.82 
0 33 to 0.76 
* Gain, following Schiibler's example, reported this as the weight 
of water absorbed by 1,000 grams of soil. To make it conformable with 
the other data the writer has changed it to a percentage basis. 
Mitscherlich3 carried out a series of experiments similar to
those of Heinrich, but allowed the plants to remain undisturbed 
until they died, when he determined the moisture content of the 
soil. Oats white clover, red clover, and white mustard were 
grown on six soils whose hygroscopicity had been very accurately 
determined by exposure to an atmosphere in equilibrium with a 
10 per cent sulphuric acid solution He concluded that pl ants die 
as soon as they have removed all except the hygroscopi c moisture, 
Briggs, L. J., and McLane, J. W. Moisture Equivalent Determinations 
and Their Application. Proc. American Society of Agronomy, vol. 2, 1910, 
p. 138. 
2 Gain, M. E . Action de l'eau du sol sur la vegetation. Revue generale· 
de botanique vol. 7, 1895, p. 71. 
'Mitscherlich, A. Landwirthschaftliche Jahrbiicher, 1901, p. 410. 
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as thu s determined which is much below the hygroscopic co-
efficient as det e1·mined by the Hilgard method. 
Mitscherlich1 in an exhaustive study of the r elation of the 
relative hygroscopicity of soils to their other properties con-
cludes that a knowledge of the hygroscopicity of soils is of ex-
treme importance. He holds that t he determination by Bilgard's 
method gives results much too high on account of t he condensa-
tion of moisture on the exposed samples. From t heoretical con-
siderations he concludes that soils absorb t heir maximum amount
of hygroscopic moisture when a llowed to come into equilibrium 
with an atmosphere in contact with a 10 per cent sulphuric acid 
solution. 
Hedgcock2 experiment ing with a great variety of plants on 
six different soils concluded t hat t he ability of plants to take 
water from the soil varies in an ascending scale from hydro-
phytes, thru mesophytes, to xerophytes, there being variations not 
only among genera but also among species and among individ-
uals. He reports no determination of t he relative hygroscopicity 
of the soils used. 
Clements3 has proposed t he use of the terms "chresard" and 
"ecbard" for the available, or physiological, water content and 
the nonavailable water content of the soil r espectively. "All soils 
contai n more water than can be absorbed by the plants which 
grow in t hem . This residual water which is not available 
for use, varies for differ ent soils. * It differs, but to a 
mu ch less degree from one species to another. A plant of xero-
pbytic tendency is na turally able to r emove more water from 
the same soil than one of mesophytic or hydrophytic character. 
After one has det ermined the physiologica l wa ter for 
the great groups of soils, it is more or less possible to estimate 
the amounts in the various t ypes of each." He describes in de-
tail the method of determining the "echard" by pot experiments. 
Later4 be states: "This available water, or chresard, differs for 
the differ ent soils, and, for dissimilar species of plants." No 
reference is made in either of these two books to the hygroscopi c 
coefficient of soils or to any other means of determining the 
"echard" of a. soil than by the physiological method. "The 
amount of water t hat a plant can absorb from the soil can be 
readily determined only by finding the amount left when the 
plant wilts completely ."'5 
'Mitscherlich, A. Bodenkunde fiir Land- und Forstwirte , Berlin, 1905. 
'Hedgcock , G. G. Botanical Survey of Nebraska, vol. 6, 1902. 
'Clements, F . E. Research Methods in Ecology, Lincoln, Nebr., 1905, 
pp. 5 and 31. 
Clements, F. E. Plant Physiology and Ecology, New York, 1907, p. 9. 
Ibid., p. 13. 
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PREVIOUS STUDIES BY THE WRITER
In 1904 and 1905, while examining into conditions in the 
Canadian Northwest for an explanation of the remarkably high 
yields of small grains obtained on summer-fallowed land, the 
writer took several sets of soil samples to a depth of 6 feet at 
the Indian Read Experimental Farm and determined the total 
water in these. Finding that the percentages of total water did 
not at all correspond with the field notes, which had been re-
corded as the samples were taken foot by foot, the hygroscopic 
coefficients of all the samples were determined, following the 
example of Loughridge referred to above. The resulting data on 
the free water were in satisfactory accord with the field notes. 
In a single experiment, using some surface soil from Indian 
Read, barley plants were grown in a glass cylinder 10 inches 
deep. At the end of six weeks water was withheld. After the 
plants died the soil at all depths belo-w 2 inches contained 18 
to 19 per cent total water. The hygroscopic coefficient, as de-
termined, was found to be 1.2. 
It was concluded that: a. In such moisture studies in the 
field the depth to which moisture determinations should be made 
depends upon the limit of the root penetration of the crop being 
4 to 5 feet for wheat and oats and 6 to 7 feet for grasses at 
Indian Read. b. Unless the soil under consideration is very 
uniform a determination of the hygroscopic coefficient of each 
sample is indispensa.ble, and the determination of this value is 
extremely important even where the soil is uniform. c. A better 
idea of the moisture condition of the soil at Indian Read could 
be obtained by a casual examination in the field. using a soil 
auger, than hy drying and weighing samples unless the hygro-
scopic coefficient of each sample was determined. d. The stor-
age capar.ity for available water of the two soil types studied 
amounted to from 5 to 7 inches of rainfall for wheat and oat 
crops. e. Comparatively little water is lost by direct evapora-
tion from the subsoil below the surface 12 inches of soil. f . In 
semiarid regions roots penetrate to the stored water and the lat-
'Alway, F . J. Studies on the Soils of the Northern Portion of the 
Great Plains Region-The Second Steppe. American Chemical Journal, 
1906 voL 31, p. 580.-Some Soil Studies in Dry Land Regions-A paper read 
at the Second Annual :Meeting of the Cooperative Experiment Association 
of the Great Plains Area, held at Manhattan, Kansas, June, 1907, and pub-
lished in Bui. 130, Bureau of Plant Industry, U. S. Dept. of Agriculture, 
1908, p. 42.- Studies of Soil Moisture in the Great Plains Region. Journal 
of Agricultural Science, 1908, vol. 2, p. 333. 
2 Briggs, L. J., and Shantz, H. L., have incorrectly referred to this as 
tho the moisture had been determined when the plants wilted . The Wilt-
ing Coefficient for Different Plants and its Indirect Determination, Bul-
letin 230, Bureau of Plant Industry, U. S. Dept. of Agriculture, 1912, p. 66. 
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ter does not need to be elevated to the surface foot of soil in 
order to become available. g. In dry-land experiments tillage 
operations should be governed by actual determinations of the 
moisture conditions of the subsoil, but a fair idea of these con-
ditions is revealed to the experienced eye and hand without the 
weighing or drying of samples. 
To account for the failure of very heavy crops, maturing 
during almost rainless weather, to reduce the moisture as low 
as the hygroscopic coefficient it was suggested that the lower 
limit of water available for the normal growth of plants was 
considerably higher than the hygroscopic coefficient-4.5 to 6.0 
per cent--depending upon the value of the hygroscopic coeffi-
cient-for the two soil types in question in that particular study. 
For the portion of the soil moisture above this lower limit the 
designation "water probably available for the support of normal 
plant growth" or "X water" was used. 
Several years after the publication of the results of this in-
vestigation the writer found that the slight modification which 
he had introduced into Hilgard's method- the employment of 
shallow pasteboard trays to hold the glazed paper instead of 
placing the latter directly on the wooden shelf-while giving con-
cordant results with duplicate determinations made at the same 
time or in the same manner at different times, invariably ga.ve 
values much below the true coefficients. Thus the results while 
showing the relative hygroscopicity of different samples gave too 
high a free water content. Unfortunately, on removing to the 
University of Nebraska the writer had discarded all the samples 
taken at Indian Read for moisture determinations. However, 
part of another series1 on which determinations of the hygroscopic 
coefficient had been made in the same way and only a few weeks 
later had been saved. New determinations on the latter gave 
values 1.5 times as high as the earlier ones. It is evident that 
had the original determinations of the hygroscopic coefficient of 
the different samples been correct the importance of the de-
termination of the hygroscopic coefficient would have been much 
more distinctly shown and there would have been a still closer 
connection between the data on the free water content of that 
portion of the soil penetrated by plant roots and both the fi eld 
notes at the time of sampling and the previous history of the 
fields. 
Later field studies 2 at widely separated points in the semi-
' Alway, F. J., and McDole, G. R. Studies on the Soils of the Northern 
Portion of the Great Plains Region-The Distribution of Ci;irbonates on 
the Second Steppe American Chemical Journal , 1907, vol. 32. p. 275. 
'Alway, F. J . Moisture Studies of Semiarid Soils. Report of Winnipeg 
meeting of the British Association for the Advan.cement of Science, 1909, 
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arid region of summer-rains in the United States indicated that 
the generalizations previously shown to apply to studies of soil 
moisture in Saskatchewan were equally applicable to the whole 
of the semiarid region of summer rainfall from the Saskatchewan 
River on the north to the Mexican boundary on the south. "The 
depth to which samples should be taken should extend at least 
as far as the plants develop roots freely or as far as the moisture 
descends from the surface. This depth can in most cases be 
approximately determined by a field examination of the soil. 
Soils of this region are characterized by their ability to be 
reduced by the native vegetation and by many annual crop plants 
to a characteristic easily recognized, dry condition. This state 
of dryness seems the normal condition in the more southerly 
regions, while in the most northerly it may be found only at the 
time of the maturing· of the plants. This property facilitates in 
most cases the ready recognition of the moisture condition bv a 
mere field examination with the soil auger." 
RECENT STUDIES BY BRIGGS AND SHA w.rz . 
Briggs and Shantz1 have recently published the results of an 
extensive series of pot experiments in which they have fully 
utilized the results o,f all previous studies along the same line. 
Also, they have applied the conclusions arrived at from these 
pot experiments to field studies of soil moisture, but have as 
yet published but few data on the latter. In their pot experi-
ments they have, like Heinrich, used small glass vessels2 and 
allowed the soil to become as thickly penetrated by roots as 
possible, after which it has been allowed to stand fully pro-
tected from evaporation until the plants wilted permanently. 
The per cent of water remaining in the lower two-thirds of the 
soil mass, where the roots are most abundantly developed, they 
designate the wilting coefficient. 
They have met the various obstacles that stood in the way o,f 
accuracy by various ingenious methods. Further, they have at-
tempted to determine the relation which holds between the wilt-
JJ . 698. Photograph reproduced in Widtsoe's "Dry Farming," 1911, p. 96. 
The data of the experiment described below as that of 1909 (page 33) 
were presented in the paper. 
'Briggs, L. J., and Shantz, H. L. A Wax Seal Method for Determining 
the Lower Limit of Available Soil Moisture, Botanical Gazette 51, 1911, p. 
210.-The Wilting Coefficient and its Indirect Determination, Botanical 
Gazette 53, 1912, p. 20.-The Wilting Coefficient for Different Plants and 
its Indirect Determination, Bui. 230, Bureau of Plant Industry, U. S. Dept. 
of Agriculture, 1912.-Application of Wilting Coefficient Determinations in 
Agronomic Investigations, American Society of Agronomy, November, 
1911, vol. 3, p. 257. 
'Briggs and Shantz have used ordinary drinking glasses. 
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ing coefficient and other physical values of soils, viz, t he hygro-
scopic coefficient as determined by Hi lgard, the maximum water 
capacity as det ermined by Hilgard, the moisture equivalent as 
defined by Briggs and McLane, and the mechanical analysis, us-
ing the classification of separ ates employed by the Bureau of 
Soils. 
They conclude, that, while there are slight differences for dif-
ferent plants and that these differences hold with the various 
soils, the wilting coefficient is practically independent of the 
plants used and is not distinctly influenced by the age of the 
plant, by t he humidity of the air, by the light intensity or by the 
moisture content of the soil during the growth of the plant; when 
the leaves curl or drop t he soil moisture is not at the wilting 
coefficient but below this and above the hygroscopic coefficient,; 
the death point, however, varies with the plant used, some plants 
dying much more quickly after wilting than others. Aft er the 
death of the plant the soil still continues to lo.se water thru the 
tissues of the plant. "The plants during the drying stage act 
simply as a medium for the transfer of water and, while the rate 
of loss is reduced, the final result is the same as if the a ir and 
soil were in direct contact The wilting coefficient "pr actically 
marks the cessation of growth and so constitutes a datum. from 
which the water content available for growt_h in a particular soil 
may he determined when the total water content is known." 
From studies of the relation between the wilting coefficient and 
other physical properties they have deduced the following 
formulas. which show also the probable error: 
. . _ moisture equivalent 
1ltmg coefficient -
. . hygroscopic coefficient 
1ltmg coefficient= 
ffi . _ moisture-holding capacity - 21 Wilting coe c1ent -
. 
0
• . _ 0.01 sands+ 0.1 2 silt + 0.57 1 coe c1ent - 1 
As the direct determination of the wilting coefficient is more 
difficult and time-consuming than the indirect method, they con-
clude that the for mer may be altogether replaced by one of t he 
la tter , of which they prefer the determination of the moisture 
equival ent. It will be seen from the second formul a that they 
place the wilting coefficient at a lmost one and a half times the 
hygroscopic coeffi cient. 
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They t hus really divide the total water content of any par-
ticular sample of soil into three parts: 
1. Water available for growth- the difference between the total 
water content and the wilting coefficient. 
2. Portion of the available water not available for growth-the 
difference between the wilting coefficient a.nd the moisture 
content of the soil when in equilibrium with the air. 
3. Nonavailable water- the moisture content of the soil when in 
equilibrium with the air, or, in other words, th e water con-
tent of the air-dry soil. 
They make no distinction between the physiologica l impor-
tance of the portion of the water between the wilting coefficient 
and the hygroscopic coefficient and that of the portion between 
the hygroscopic coefficient and the air-dry condition. 
In their latest publication1 they modify their earlier state-
ment in regard to the significance of the wilting coefficient, de-
duced from their studies using drinking glasses, when applied to 
field conditions or to experiments in which large pots are used. 
"The results of some of the soil moisture determinations made 
on the Great Plains during the summer of 1911, which was ex-
tremely dry, indicate that a crop is capable, under certain con-
ditions, of redu cing the moisture content of a part of the soil be-
low the wilting coefficient, before the crop actually wilts. 
It follows tha,t the amount of moisture available for growth may 
he somewhat greater than that calculated by the use of the 
wilting coefficient as a datum. 
"It often happens under field conditions and also when plants 
are grown in large pots th at at the approach of a drouth the 
lower leaves die very gradually. This self-pruning continues in 
extreme cases until the entire leaf area is dead. Often the gen-
era l wilting of the plant can not be observed during· the whole 
process. Under these conditions the wilting point is at best in-
definite and the soil moisture co,ntent is usually reduced far be-
low the wilting coefficient hefore t he death of the plant. The 
water which is r emoved from the soil after the moisture content 
has been reduced to the wilting coefficient may result in some 
growth but this is so small in proportion to the water consump-
tion that it is of little practical value from the standpoint of crop 
production." 
Their use 2 of the data from the single pot experiment with 
'Application of Wilting Coefficient Determinations in Agronomic In-
vestigations, American Society of Agronomy, Nov., 1911, vol. 3, p. 257. 
'Bulletin 230 , Bureau of Plant Industry, p. 66. 
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barley plants described by the writer and their presentation of 
the means advocated by him for the estimation of available mois-
ture in soils are inaccurate, as is shown elsewhere in this publica-
t ion.1 
GENERAL DESCRIPTION OF THE EXPERIMENTS. 
The experiments were carried out in a greenhouse using water-
tight galvanized iron cylinders. Except in the case of those with 
desert legumes the cylinders were 6 feet long and 6 inches in 
diameter, containing known amounts of soil and of water. In 
these, seeds were planted and the plants allowed to grow, without 
further addition of water, until they died. On the death of all the 
pla.nts in a cylinder it was opened and the moisture content de-
termined in 3-inch sections. The distribution of roots in the sub-
soil wa s carefully observed and in the later experiments these 
were r emoved, photographed and weighed. 
SOILS USED. 
Some of the soils used were from the semiarid western por-
tion of Nebraska, some from the humid eastern portion, and the 
others from the intervening portion of the transition region. The 
physical character of the soils used is shown by their hygroscopic 
coefficients given in Table l. 
PLANTS GROWN. 
Red Fife wheat was grown in the experiments of a ll four 
years, milo a nd Mexican beans in the last two and Kubanka 
wheat, co,rn and some perennial desert legumes each in only one 
year. The last mentioned were Prosopis velutina, Acacia Greggi 
and Acacia constricta
GREENHOUSE USED. 
The only greenhouse available for the experiments was an 
old, poorly ventilated one. The ventilators in this were im-
mediately above the only portion of it in which the cylinders 
could be placed. As any rain falling on the cylinders would have 
seriously interfered with the experiments, the ventilators were 
kept closed during threatening as well as during rainy weather. 
A steam-main, which led to another building, and in which the 
steam was kept at high pressure day and uight until warm 
weather set in, increased the difficulty of keeping down the maxi-
mum t emperature. The use of whitewash on the glass panes of 
the greenhouse had to be abandoned, as the wheat plants would be 
1 Footnote 2, p . 116. 
TABLE 1.- Hygroscopic coeffi cient s of soils used in the different experiments. 
1908 1909 1910 1911 
I Depth W. W. Neb .*, E. Neb. HO* Wauneta McCook Holdrege I H astings Lincoln 
- -- I 
IO.I 10.7 12.1 
1 Feel I 
1 10.0 8.5 10.0 10.1 10.0 9.2 9.4 
2 10.9 8.8 11 .6 5.6 5.6 9.5 11.0 11.7 13.2 15.3 
3 9.9 10.4 15.1 5.6 5.6 9.9 9.6 12.0 11.7 14.6 
4 7.5 9.3 13.9 5.6 5.6 10.1 
I 
9.0 10.6 11 .5 
I 
13.2 
5 I .... 7.4 13.6 5.6 5.6 9.5 8.8 9.7 10.8 13.2 6 7.1 12.5 5.6 5.6 8.6 8.4 9.6 10.5 13.5 I 
These soils are from Madrid, near the western edge of Nebraska. 
Surface 
Soil 
11 .3 
11.3 
11 .3 
11.3 
11.3 
11.3 
ls:> 
t 
::;;' 
>-: 
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found soon after its application to be prostrated, but they re-
covered when it was removed. Thus the windows were left with-
out protection against the direct rays of t he sun. As a result 
the temperature inside the greenhouse rose very high on hot, 
sunny days-a daily maximum of over 100° F. being the rule 
rather than the exception. 
During the preliminary experiment, in 1908, no record was 
kept of the temperature, humidity, or rate of evaporation in the 
greenhouse. During the latter half of the experiment of the fol-
lowing year a record was kept of t he evaporation from a free 
water surface, using two cylindrical jars, one of glass 4 inches in 
diameter and the other of white stoneware 6 inches in diameter. 
These were placed level with the tops of the cylinders, being sup-
ported on a table covered with white pap er. They were filled to 
a mark one inch from the top and at the end of each week water 
was added to raise the water to this mark. The evaporation 
r ecord of that year is important in that it constitutes the only 
data recorded which indicate the relation of the gener al condi-
tions in the greenhouse during the experiment of -1909 to those of 
the following two years. In the experiment of 1910 the evapora-
tion from a free water surface was determined from March 12 on, 
using four glass jars like the glass jar of the preceding year and 
similarly supported. They wer e placed at the four corners of the 
framework en closing the metal cylinders. There were no im-
portant differ ences between the different jars in the amount of 
evaporation from ·week to week. In the 1911 experiments two 
glass jars similar to those of the preceding year wer e used but 
they were sunken in the soil surrounding the cylinder s so that 
th e mark on each was level with the surface of the soil as shown 
in the case of the one in figure 21. It will be seen from Table 2 
that the recorded rate of evaporation in 1911 was two or three 
times as great as in the preceding two years. This was due in 
part to the increased air movement in the greenhouse on account 
of better ventilation. The rate of evaporation recorded in this 
year appears remarkably high.1 A record2 of the rate of evapora-
tion in the near-by open air was kept by the U. S. Weather 
Bureau but unfortunately for only part of the period, the evapo-
rating pan being less than 200 yards from the green house. The 
data from this record are included in Table 2. 
1 Similar high rates have been recorded in Australia where an evapora-
tion of from 140 to 160 inches in 12 months was recorded, using small 
evaporating cylinders. Report of Meteorological Observations for Western 
Australia in 1907, p. 7 and p. 110. 
' Loveland, G. A., and Perin, S. W. Evaporation from a Free-Water Sur-
face at Lincoln, Nebraska. Twenty-fifth Annual Report of the Nebraska 
Experiment Station, 1912, p. 193. 
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TABLE Evaporation from a free water surface in the green-
house and in the acljacent open air
- . 
--
I In greenhouse In open air 
I 1909 1910 1911 1909 1910 
Inches Inches Inches Inches Inches 
March .. · • . .. . . . . . . . .. .. . ..... . ... 
April .. ... . ... . . . 
. · - 5.7 4.7 6.7 
May .. . . ... . . .. 4.0 4.7 8.2 5.9 5.6 
June ... ... . . . . • •· . 4.0 6.7 7.8 
July .. .. .. . .. . . . . . . . . 
· - -
4.2 .... 13.0 6.0 7.4 
August .. . .. . .. .. . ... . . . . . . .. 80 . ..... 
September. . . .. ......... .. . ... . . ..... 6.0 
. -···· . -· . 
From the 3d . From the 12th. To the 21st. From the 12th. 
TABLE Relative humidity at 5 p. 11·1. in the greenhoi1.se and in 
the open air
1910 
April_ Second decade .. ... . ... 
Third decade .. .... . .. . . . 
May . ... . . First decade 
,Second decade 
IT hird decade .. 
June. .. First decade 
Second decade 
1911 
March . .. First decade . .... 
Second decade 
. . . I Third decade .. 
April .... . First decade .. . ..... . 
Second decade . .. . ... 
Third decade. . ... 
May .. First decade .... . · • · ... 
Second decade . 
Third decade .. . 
June. .. First decade . . 
Second decade 
Third decade . .. 
July. . .. . First decade 
Second decade ... . . .. ... 
Third decade .. 
August. . First decade .. 
Second decade . . . 
Third decade . . 
September First decade ... . . . ... 
Second decade ...... . . 
Third decade. . 
Highest humidity recorded on any day 
Lowest humidity recorded on any day 
* Record incomplete. 
I 
In greenhouse In open air Difference 
48 49 
33 29 
55 58 
54 52 
49 47 
51 51 
43 33 
43 55 
39 33 
39 * 
41 
42 40 
50 48 
48 49 
49 43 
59 54 
40 36 
41 38 
38 32 
37 33 
45 39 
40 37 
42 44 
49 47 
46 * 
57 64 
56 58 
57 65 
85 88 
22 15 
4 
2 
2 
0 
10 
6 
2 
2 
6 
5 
4 
3 
6 
4 
6 
3 
2 
1 
3 
12 
1 
2 
7 
2 
8 
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Thruout the latter portion of the experiments of 1910 and 
1911 the humidity was recorded daily at 8 a. m. and at 5 p. m., 
using a•·wet-hulb thermometer. The mean humidity at 5 p. m. for 
monthly decades is given in Table 3. The data for the humidity in 
the open air at the same hour are from the record of the Lincoln 
station of the United States Weather Bureau, which is only three 
rn milesfrom the Experiment Station. The differences in general 
are not great, the humidity being somewhat lower in the open air 
than in the greenhouse, notwithstanding the high temperatures 
which prevailed in the latter, due probably to the presence in the 
greenhouse of a number of pots with plants belonging to other 
experiments, to which water was applied daily . During the first 
and the last three decades in 1911 there were none of the watered 
pots in the greenhouse and during these two periods the air was 
mnch drier than that outside. 
In the experiments of 1910 and 1911 the da.ily maximum and 
minimum t emperatures were recorded from the time the experi-
ments were well started until the plants died. The daily maxima 
are shown in Table 4 and the daily means- the average of the 
maximum and the rninimum--in Table 5. The thermometer was 
hung at the level of the cylinder tops in a well ventilated wooden
shelter, placed at one end of the row of cylinders. When in 1910 
it was found that under the conditions prevailing the plants in 
moist soil apparently suffered no ill effects from temperatures up 
to 110° F., no effort was made to keep the daily maximum tem-
pernture below 105° F. As soon as the temperature reached this 
point steps were taken to prevent it rising higher. While the 
means of ventilation in the greenhouse were entirely inadequate 
to keen the maximum temperature below 100° F . on bright days, 
it could be kept below 112° F. except under very unusual condi-
tions. The occasions in 1910 on which it rose above this were 
afternoons on which after cloudy, threatening weather the sun 
came out very bright. The ventilators having been closed to keep 
out any rain from the threatened storm and not being opened on 
the appearance of the sun, the temperature rose rapidly. For this 
reason Sundays were especially the days of high tempera.tures-
as May 8 and 29 and June 12. 1910. The high temperature of 
June 12, 1910. viz. F ., practically terminated the experiment 
of that year, all plants dying rapidly after this. The very high 
t emperatures recorded. in 1910 were usually of short duration, 
because as soon as a visit to the greenhouse showed the tempera-
ture to be very high mea ns were taken to quickly lower it. 
Dat March 
- - - -
. ' ... . 
.. ... . 
. .... 
. . . 
.... . . 
. . . . 
. .... . 
. .... 
. • · 
.. . 
.... . . 
.. · •· 
. ... 
...... 
106 
104 
99 
98 
110 
106 
98 
106 
102 
89 
116 
93 
102 
76 
96 
100 
TABLE Maximum temperature in the greenhouse, for each day. 
1910 1911 
April May June February March April May I June July ! August 
109 110 109 . .. I 105 100 74 109 124 103 100 109 93 . .. ... 108 106 93 113 119 108 110 96 82 90 76 89 113 124 98 104 96 87 95 78 94 125 120 110 97 74 105 . ..... 108 94 95 115 130 109 105 56 102 . . . ... 102 82 96 101 109 112 95 98 88 . . .. . 115 94 98 106 114 110 120 97 83 109 109 114 112 106 104 96 
· · · · · . 90 I 110 112 115 118 109 105 89 . .. 95 I 110 104 112 117 108 112 104 99 j 91 100 100 112 104 ·•· ... I 90 101 124 
· • 99 I 92 102 108 114 98 90 112 86 l 98 109 111 115 100 95 112 96 95 104 105 112 116 . . 75 80 104 
· ·· ·· · 
92 89 104 114 103 120 88 88 109 99 98 104 113 110 119 
-
1 90 112 ·• .. . 94 92 107 100 102 107 I 99 116 94 95 114 102 99 107 110 87 . ..... . ... 108 86 101 106 95 98 110 108 .. . I 92 100 88 86 112 110 102 108 88 I 96 98 107 88 115 102 96 86 90 I 104 94 105 93 117 114 90 88 99 100 I 107 114 110 90 102 97 ... . ... . 102 95 110 118 92 97 98 102 .. . . . 109 101 94 116 102 98 105 80 . . . .. 98 108 85 116 114 109 100 109 72 ..... 82 92 93 101 110 103 89 115 96 .. .. . . 104 104 100 96 99 110 94 112 117 . . ... 104 94 100 113 113 91 98 109 
.. .. .. 99 93 106 114 113 95 112 . .. ... 95 110 . . . 113 110 
--- ---
I 
--
--
I 101 96 101 · . .. .. 98 93 100 I 110 110 104 
Sept.
109 
101 
92 
99 
96 
100 
86 
72 
88 
96 
98 
98 
104 
98 
98 
88 
98 
100 
98 
89 
78 
86 
90 
84 
78 
76 
98 
95 
86 
74 
92 
to 
D 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
A 
TABLE Mean t emperature in the greenhouse, f or each day. 
- - - ----------------------------
1910 1911 
March April May June February March April May June J uly August Sept.
1 . . . . . . 79 82 83 . . . . . . 88 87 59 90 104 85 89 
2 . . . . . 77 77 80 . . . . . 86 90 68 94 101 87 87 
3 . . . . . . 86 67 71 . . . . . . 87 74 72 95 106 84 79 
4 . . . . . . 80 71 72 . . . . . . 86 69 72 101 101 89 84 
5 . . . . . . 72 64 81 . . . . . . 94 75 73 101 109 89 87 
6 . . . . . 74 53 83 . . . . . . 87 76 78 83 92 . . . 85 
7 . . . . . . 77 79 75 . . . . . 94 77 82 88 95 91 75 
8 . . . . . . 82 85 79 . . . . . 81 . . . . . 90 92 98 91 67 
. 77 75 79 . . . . . 83 . . . . . . 92 95 94 96 76 
0 . . . . . . 83 81 76 . . . . 84 . . . . . . 92 91 95 99 82 
1 . . . . . 82 86 81 . . . . . 86 . . . . . 80 83 95 89 85 
2 . . . . . . 77 76 92 . . . . . 80 . . . . 75 83 90 93 84 
3 . . . . . . 76 64 89 . . . . . . 84 76 82 86 93 96 90 
4 . . . . . . 64 77 88 . . . . . 84 78 87 87 91 96 88 
5 . . . . . . 71 69 86 . . . . . 80 78 89 93 86 97 77 
6 78 71 68 91 . . . . . 84 77 88 94 88 96 81 7 79 73 92 . . . . 83 78 89 88 84 91 87 8 76 74 94 . . . . . . 82 77 95 88 82 90 80 
69 87 7 5 . . . . . . 87 68 89 86 80 85 69 
0 80 79 81 . . . . . . 80 91 70 75 88 86 87 69 
83 87 73 . . . . 82 89 80 73 95 86 84 68 68 71 . . 92 87 82 94 81 75 3 80 64 . . . . . . . . . . . . 84 76 82 95 92 76 76 
4 80 73 75 . . . . . . . . . . . 90 71 87 97 76 79 70 
5 76 71 82 . . . . . . 89 87 73 94 98 81 79 66 
76 74 68 . . . . . . 88 82 70 93 99 85 80 86 
7 87 92 66 . . . . . . 76 84 77 86 88 88 77 83 
8 72 89 78 . . . . . 89 83 83 81 84 92 72 83 
85 92 87 . . . . . . . . . . . 88 79 81 95 90 71 76 
0 58 76 85 . . . . . . . . . . . 82 77 87 98 95 78 68 
1 79 . . . . . . 86 . . . . . . . . . . . 84 . . . . . . 90 . . . . . 95 87 .. . .. . 
V. 75 83 . . . . . . 85 77 82 92 91 86 79 
I':) 
I':) 
g: 
: 
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ln t l1e 1911 experiment conditions were much more unfavor -
able on account of the extremely high temperatures prevailing out 
of doors. In that year the ventilation of the greenhouse had 
been so much improved that for ordinary seasons it might have 
proved adequate, but during the very hot weather of ,June and 
July the temperature out of doors on many days rose above 
100° F., while on July 5 it rose to 110° F. On that day it r eached 
1.'{0° F . in the greenhouse. This temperature, which did not last 
long, was not sufficiently high to injure well-watered plants in 
the same greenhouse. 
Suspecting the correctness of the remarkably high tempera-
tures recorded by the maximum thermometer, it was tested at 
various times, both in 1910 and 1911, by placing, during the 
hottest part of the day, a number of accurate thermometers in 
various parts of the greenhouse and protecting them all both from 
the direct rays of the sun and from the heat reflected by the brick 
walls of the greenhouse. However, nothing was found to justify 
any assumption of inaccuracy in the temperature data. The 
high maximum temperatures during the early part of each sea 
son were due to the presence of the steam-main mentioned above 
DETERMINATION OF THE SOIL MOISTURE. 
Each 6-foot cylinder was opened as soon as convenient after 
removin g the last of the plants from it. About two-thirds of 
the cylinders were opened on the same day that the last plant 
was removed, but with the others there was an interval varying 
from 2 to 16 days. It is probable that no appreciable amount of 
moisture was lost from below the first foot during this interval, 
and that the moisture conditions were practically the same at 
the time the cylinders were opened as they were when the last 
plant died and was removed.1 It is also improbable that any con-
siderable loss of moisture occurred even from the first foot, as in 
all the cylinders bearing plants the soi l of the surface foot was 
already very dry and was underlaid by at least one foot of com-
paratively dry subsoil
In order to remove the soil from a s ix-foot cylinder for mois-
ture determinations the cylinder was placed on a table and split 
lengthwise by shears, 3 inches at a time. (Figure l , b.) The 
soil from this section was quickly and thoroly mixed and a sam-
ple for the moisture determination placed in a pint jar which was 
then sealed. After the samples had been secured from the whole 
of the cylinder, moisture determinations were made. using 100- or 
1 Alway, F . J., and Clark, V. L. A Study of the Movement of Water in 
a. Uniform Soil under Artificial Conditions. Twenty-fifth Annual R eport of 
the Nebraska Experiment Station, l 912, p . 255. 
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200-gram port ions, the contents of each jar being thoroly mixed 
before r emoving any of the soil. The sarnples were dried in an 
electric oven, kept at 110° C., thru whi ch a rapid current of air 
was kept passing. In t he experiment s of 1909 and 1910 all de- · 
t erminations were made in duplicate, using 100-gram samples, 
but in those of 1911 a single det ermination of each was made, 
usin g a 200-gram sample. As in such a study the thoro drying 
of the samples is extremely important, t he following method was 
followed to insm·e its completeness. In the earlier determina-
tions, after t he samples, 50 to 60 in a ll, had been in t he oven for 
12 hours. five or six from different parts of it were r emoved and 
allowed to cool in a desiccator These were weighed returned to 
7 
Fig. 1. Cylinder s used in experimen ts of 1909 to 1911. a. Lower portion 
with nipple N. b. Manner of opening cylinder in 3-inch sections . At 
x is shown a 3-inch section of soil r eady for r emoval. 
the oven and l<> ft there for from 5 to 12 hours longer when they 
were again cooled and weighed. If no appreciable loss in weight 
occurred after the first weighing it ,vas assumed that all t he 
other samples were dry, they having been in the hot oven a ll t he 
time. If a loss in weight occurred, however , the drying was con-
tinued until two successive weighings showed no appreciablele 
change of weight. In the later determinations, instead of using 
t he above method of control , several 200-gram samples taken 
from a large sample of known moisture content were placed in 
the oven along with the samples from t he cylinders. If after 12 
hours in the oven these control samples were found to be fully · 
dried the heating was di scontinued, bnt if not they were r eturned 
and weighed at intervals until thoroly dried, the cylinder samples 
being left in t he oven undisturbed unt il the control samples were
dry. The form er thus had a longer exposure in the oven than the 
latter. This modification of t he control greatly shortened the 
time required for t he drying. as usually t he sampl es were fully
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dried at the end of 12 hours, thus permitting two charges, in-
stead of a s,ingle charge, to be dried every 24 hours. In the 
tables in the following pages the amounts of water are expressed 
as percentages of the dry soil. 
FREE WATER. 
The free water represents the difference between the total 
water and the maximum hygroscopic water (hygroscopic coeffi-
cient). The soil moisture in the following tables is expressed 
usually as the free water only but in a few both the total water 
and the free water are given. In _all cases the total water may 
be found by simply adding the free water to the hygroscopic co-
efficient. 
An expression of free water alone is almost as mea ningless as 
that of total water alone. Thus corn plants rnay be dying in a 
soil with a hygroscopic coefficient of 15 and containing 3 per cent 
free water while plants of the same kind in a soil with a hygro-
scopic coefficient of 0.8 rnay be very vigorous with only 1.0 per 
cent free water. For this reason in order to give tables of free 
water their full significance there should at the same time be 
given also corresponding tables of hygroscopic coefficients or of 
total water. Any two of the three tables are sufficient but some 
will find a certain combination the most satisfactory and others 
another. The writer prefers the statement of free water and 
hygroscopic coefficient, but those who have made many determi-
nations of total water and none of free water will, at least at first, 
find the statement of total water along with the hygroscopic co-
efficient to have more significance for them. 
Total water - hygroscopic coefficient = free water. 
The hygroscopic coeffic ients of the soil samples were de-
termined by the Hilgard method with a slight modification. In-
stead of using glazed paper to bold the soil, flat aluminum trays 
were employed. An extensive study of the determination of hy-
groscopic moisture bad shown that this modification of the Hil-
gard method gives concordant and reliable results and also that 
the modification used in determining the hygroscopic coefficients 
as reported in previous publications1 gave results much too low. 
The discussion of methods for the determination of the hygro-
scopic coefficient is reserved for a future publi cation. 
For the determination of the hygroscopic coefficients the in-
' Alway, F. J., and McDole, G. R. Studies on the Soils of the Northern 
Portion of the Great Plains Region: the Distribution of Carbonates on the 
Second Steppe. American Chemical Journal, vol. 32, 1907, p. 275.-Alway, 
F. J. Some Soil Studies in Dry-Land Regions. Bui. 130, Bureau of Plant 
Industry, U. S. D. A., 1908, p. 360. Studies of Soil Moisture in the "Great 
Plains" Region. Journal of Agricultural Science, vol. 2, 1908, p. 333. 
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dividual 3-inch sections were not used, but the determination was 
made on a sampl e of the bulk soil used, it being taken at t he time 
of filling the cylinders. Thus in the case of the 8 cylinders of the 
experiment of 1909, in which 16 different soils were used, the
hygroscopi c coefficients of these 16 were determined and used in 
calculating the free water in the 192 individual sections. This 
may account for some irregularities in the free water content of 
sections adjacent to the dividing line between two different soils. 
Thus for example in the case of cylinder I in Table 8 (p . 41 in 
the lowest sect ion of the fourth foot there is shown only 0.2 per 
cent free water compared with 1.1 per cent in the section above 
and 1.7 per cent in the section below. As the soil of the fourth 
and fifth feet had hygroscopic coefficients of 9.3 and 7.4 respect-
ively, an error of one inch in filling the cylinders or in removing 
the sections would account for the irregularity. In such cases no 
attempt has been made to increase the regularity shown in the 
distribution of free water by making determinations of the hygro -
scopic coeffi cient of any of the individual 3-inch samples. 
In the tables of moisture data the water content of the thin 
sand layer, about 1 in ch in thickness, which was placed in the 
bottom of each 6-foot cylinder, is not r eported for the r eason that 
the sand in the process of r emoval became mixed with the over-
lying soil in a lmost all cases, thus greatly a ltering the hygroscopic 
coefficients of the sampl es as actually dried and the amounts of 
free wat er , so rendering the data quite meaningless, unless a sep-
arate determination of the hygroscopic coefficient of each sample 
had been made. The hygroscopic c9efficient of this sand was 0.5
WILTING COEFFICIENT. 
The wilting coeffi cient very frequently referred to in the 
following pages is that defined by Briggs and Shantz.1 In no 
case2 has it been determined directly, it having been calculated 
from the hygroscopic coefiicient using the formul a given by 
Briggs and Shantz viz: 
. hygroscopic coefficient 
coe c1ent 0_68 
'Seep. 18. 
Dr. Briggs has kindly determined for the writer the moisture equiva-
lent of the soil used in the largest number of experiments-the H 0 
Subsoil (p. 47). Five determinations of the moisture equivalent gave an 
average of 14.2, from which th e wilting coefficient of 7.7 and the hygro-
scopic coefficient of 5.25 is found by the formulas of Briggs and Shantz 
(p. 19) . As the figures had been completed before receiving the data 
from Dr. Briggs, the wilting coefficient 8.2, calculated from the hygro-
scopic coefficient 5.6, as determined by the writer, is used in the various 
figures showing the moisture conditions in the cylinders in which H 0 
Subsoil was employed. 
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DETERMINATION OF THE DRY MATTER OF THE CROPS. 
In the case of each cylinder all the thinnings, fallen leaves, 
and dead plants were saved in a covered jar until all the plants 
had been removed. The seeds, if any were present. were counted 
and weighed; the data on the dry matter of these, reported in the 
various tables, were calculated on the assumption that the seed 
contained 10 per cent of water. After removing th e seed t he rest 
of the crop was dried at 110° 0. and weighed. 
PRELIMINARY EXPERIMENT. 
In 1908 two cylinders filled with a semiarid soil were planted 
with Red Fife wheat. Each was 4 feet long and 6 inches in 
diameter, consisting of two lengths of sewer-pipe fastened to-
gether with cement, the latter being coated with paraffine as soon 
as dry. The bottom of each, likewise made of cement coated with 
paraffine, carried a one-hole rubber stopper. The cylinders were 
filled with air-dry soil from the H O Ranch, which is located 
at Madrid Perkins County, near the western border of Nebraska. 
Six hnlk lots of soil were used, viz, the first 4, the second 4, and 
the third 4 inches of the first foot, and the whole of the second, 
the third, and the fourth foot. 
The soil was placed in the cylinders in its natural order. All 
but the surface inch was added in small portions and tamped with 
a two-inch rubber stopper on the end of a three-eighths inch iron 
gas-pipe. The surface soil was covered with a layer of absorb-
ent cotton and water added until seepage thru th,e one-hole rubber 
stopper began. Then the addition of water was discontinued and 
the excess a llowed to drain away until seepage ceased, after 
which the hole in the rubber stopper was closed by means of a 
glass plug. The absorbent cotton was removed, five sprouted ker-
nels of Red Fife (spring) wheat, from the Experimental Farm at 
Indian Head, Saskatchewan, were planted one inch deep in the 
moist soil and the surface inch of air-dry soil was added. 
The cylinders were placed in the greenhouse on the day the 
seed was planted, April 15, and given no more water. They were 
not sunken below the level of the floor and so were fully exposed 
to the heat of the sun's rays. At the end of ten days the plants 
were thinned to the most vigorous two in each cylinder. These 
developed normally until near the end of May when the plants 
became prostrated. Thinking the experiment a failure no atten-
tion was paid to the plants until three weeks later, when it was 
found that they had quite recovered and were putting forth heads. 
The whitewash which had been applied to the glass panes shortly 
before the injury was first observed had been largely removed by 
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heavy rains; this suggested a connection between the injury to 
the wheat and the presence of whitewash on the glass. On July 
10, 86 days after planting, the 4 plants were quite dead. They 
had each reached a height of about 21 inches and had each formed 
one spike, but only one had formed seed and this. bore only two
badly shrunken grains. The cylinders were split lengthwise and 
the soil examined for roots. These were found to reach to the 
bottom of the cylinders. The weight of dry matter in the two 
plants from the one cylinder was 3.5 grams and in those from 
the other 4.0 grams. 
As, on opening the cylinders, it was found that in each a 
crevice had developed between the soil column and the cylinder 
wall, extending from the surface almost to the bottom of the 
cylinder, thus allowing comparatively free circulation of air and 
consequent loss of water from the sides of the soil column by di-
rect evaporation, the moisture data have been discarded as value-
less. In all later experiments this source of error has been 
carefully gua,rded against by watching for the• first appearance 
of such crevices and at once filling them with fine, dry soil
GROWTH OF WHEAT ON SEMIARID SOIL COMPARED WITH 
THAT ON HUMID SOIL. EXPERIMENT OF 1909. 
In this experiment Red Fife wheat was grown in 6 cylinders, 
3 filled with soil from humid eastern Nebraska and 3 with soil 
from semiarid western Nebraska, a ll having been saturated with 
water previous to the planting of the seed. As checks two other 
cylinders, the one filled with the humid soil and the other with 
the semiarid soil, were left unplanted but otherwise treated 
like the six planted cylinders. 
The cylinders used in the experiment were of galvanized iron, 
being 6 feet long, 6 inches in diameter, closed at the bottom and 
soldered to make the seams water-tight. In the bottom of each 
was a nipple carrying a one-hole rubber stopper to permit of 
drainage while the soil was being saturated a glass plug placed 
in the hole in the stopper rendered the cylinder water-tight. Be-
fore filling the cylinders with soil each was .filled with water to 
test the tightness of the seams. The general construction of the 
cylinders is shown in figures 1 and 2. The latter illustrates one 
of the difficulties of working with such tall cylinders; thus, it was 
necessary to carry the cylinder into the open in order to photo-
graph it, the roof of the greenhouse being too low. 
The semiarid soil was from the same prairie field on the H 0 
Ranch as that used in the 1908 experiment. but taken to a depth 
of 6 feet. being removed from the excavation in eight portions
2 
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the first, second, and third 4 inches of the first foot , and the 
second, third, fourth , fifth, and sixth foot. The 8 bulk soils were 
placed in separate sacks for shipment to this 
Experiment Station, where each, in a dry con-
dition, was thoroly mixed. The humid soil was 
from the Experiment Station Farm, at Lincoln, 
the 8 portions being taken at the depths corre-
sponding to those of western Nebraska soil. 
The soils were placed in the cylinders in 
their natural order-that is, the sixth foot first 
and the first four inches last. The weight of 
each bulk soil placed in the different cylinders 
was recorded and a sample was saved for the 
determination of the moisture content and of 
the hygroscopic coefficient. The cylinders were 
filled, saturated with water, and drained as in 
the p1·eceding year. After seepage had ceased a 
•glass plug was placed in the one-hole rubber 
stopper in the bottom of each, and the cylinders 
moved to the greenhouse and placed in a pit 
which was 3 feet deep and covered with boards 
overlaid first with a layer of excelsior and then 
with one of soil. Thus the lower half of each 
cylinder was protected from the heat of the 
sun's rays and kept at a comparatively uniform 
tern perature. 
In the case of each, except the check cylin-
ders III and IV, 10 sprouted kernels of the 
same Red Fife wheat used the year before were 
placed in the moist surface soil and one inch of 
dry soil added. A week later the plants were 
Fig. 2. One of thinned to 4 in each cylinder. 
the cylinders. Cylinders I, II, Ill, and IV, with semiarid 
soil, were placed in the greenhouse on February 
8, and the others, V, VI, VII, and VIII, with humid soil, on 
February 23. 
Each cylinder was weighed on scales, sensitive to 15 grams, 
just before being placed in the pit and again on being removed at 
the close of the experiment. 
About the middle of March all the plants became prostrated. 
As the windows of the greenhouse had received a coat of white-
wash some ten days before this injury was first noticed, it was 
suspected from the experience of the preceding year that this 
might have been the cause. Using hydrochloric acid all the white-
wash was removed from the panes (March 23). However, no 
marked change in the condition of the plants was observed until 
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April 1, after which there was a steady improvement, the plants 
seeming fully recovered by April 10. From this time on no 
whitewash was used on the windows. 
Outside of the injury following the use of whitewash, condi-
tions generally were quite favo,rable. No temperature record 
was kept. The evaporation from a free water surface in the 
greenhouse amounted to 12.2 inches between May 3 and July 31 
Table 2). 
On account of the experience of the preceding year the ap-
pearance of a crevice around the edge of the soil column was 
watched for from the time of planting and was found first on 
April 17. Altho the crevice could not be seen at the top of the 
mulch of dry soil, it could be detected by means of a long thin 
spatula pressed down at the edge of the cylinder. By means of 
this spatula the crevice was filled with surface soil. From that 
time on at intervals of a few days, all the cylinders were ex-
amined for crevices and these, whenever found, were filled with 
surface soil, from one inch to two inches of loose dry soil being 
kept as a mulch on the surface of each cylinder. No crevices de-
veloped in either of the unplanted cylinders III and VI, but 
sooner or later they appeared in each of the others. Later, when 
the cylinders were opened, the exact extent of these crevices w.as 
deterrn i ned. 
By May 25 a hard crust had developed at a depth of from 1.0 
to 1.5 inches below the surface in I, II, IV, and VII. Later it 
developed in V and VIII also, but not in the unplanted cylinders, 
III and VI
On March 13 the numbers of the tillers in I, II, and IV were 
9, 8, and 9 respectively. In order to determine the effect upon the 
soil moisture that would be produced by reducing the stand, two 
plants containing 0.439 grams dry matter were removed from 
II on March 22; on April 24, .the four plants in II having 23
tillers, 19 of ·these, containing 1.16 grams dry matter, were re-
moved, leaving two plants with 2 tillers each. On the latter date 
the four plants in I had 27 tillers and the four plants in IV had 
31. The average height of the plants in I, II, and III was 12, 12, 
and 12.5 inches, respectively. The plants on eastern Nebraska 
soil had made much less growth than those on western Nebraska 
soil, having only 0, 3, and 3 tillers and being only 9, 9.5, and 12 
inches high respectively on April 24. Altho thruout the experi-
ment the plants on humid soil made less growth. they were quite 
as healthy in appearance. Not until near the end of May did the 
thinning of the plants in II cause them to show any advantage 
over those in I and IV, but during the final month of their 
growth they appeared much more vigorous and they produced 
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better filled spikes (Table 6). Nearly all the spikes appeared dur-
ing the latter part of May. On June 24 ripe heads were removed 
from IV and V. By July 4 all the heads were ripe except one 
on a late tiller in VII, which did not ripen until July 26. 
The appearance of the eight cylinders on June 24 is shown in 
figure 3.1 
Each culm was cut off even with the surface and removed 
from the cylinder as soon as it was quite dry. 
The cylinders which had borne no plants were r emoved from 
the pit on ,June 24-, weighed, a nd opened. The others were sim-
ilarly treated as soon as possible after all the plants in them 
had ripened. In the case of three cylinders there was an in-
terval of six days between the death (and remova.l) of the last 
plant and the opening of the cylinder. The presence of any 
crevice beside the cylinder wall , referred to above, was recorded 
at the time of opening the cylinder . Each section, as removed, 
was carefully examined for roots and well mixed before taking 
the sample. 
No crevice was found along the walls in III and VI. In II, 
V, and VIII a crevice extended to 6 inches, in VII to 18, in I 
to 39, and in IV to 66 inches. Where the crevices did not extend 
below twelve inches they were found to have been completely 
filled with the dry surface soil, which bad been worked down into 
them by means of the spatula, but where they extended to a 
greater depth they were found to have been only partly fill ed below 
the twelfth inch, leaving the portion below as an intercomrnnni-
cating air space. In IV, separate samples for moisture determi-
nations were taken from the outer and from the inner portion of 
the soil column in the case of the four sections of the second foot. 
No difference in moisture content was found, indicating that no 
loss of moisture had taken place thru the crevice. The explana-
tion of this is that the air in the crevice had been kept in a satu-
rated condition , it being in contact with soil which contained not 
less than the maximum amount of hygroscopic moisture. 
Roots were numerous in the first foot in all the cylinders 
bearing plants. In I and IV they were numerous and well dis-
tributed at all depths to the bottom of the cylinder; in II they 
penetrated as deeply but were not as numerous, while in V, VII, 
and VIII they were very scarce below 24, 21, and 21 inches re-
spectively, but a few were found to ext end to 39, 45 and 60 
inches r espectively. As no attempt was made at a quantitative 
separation of the roots from the soil, some may have been over -
1 Alway, F. J. Moisture Studies of Semiarid Soils. Report of Winni-
peg meeting of the British Association for the Advancement of Science. 
1909 p. 699 Photograph reproduced in Widtsoe's "Dry Farming, " 1911, 
p. 96. 
Fig. 3 Experiment of 1909, 136 days after planting in western Nebraska soil and 121 days after planting in 
eastern Nebraska soil. 
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looked, the soil in the lower portion of all the cylinders being 
very wet and sticky. 
The stopper of III was removed and the cylinder left in a ver-
tical position for 16 hours before opening, but no seepage oc-
curred. In the case of VIII the nipple carrying the rubber 
stopper was found to have been broken off in placing the cylinder 
in the pit. Accordingly, the half inch opening had remained only 
partly closed by the rough board ou which the cylinder rested; 
yet the soil was as moist as that in VII. From the conduct of 
these two cylinders it appears probable that no loss of water by
seepage would have taken place even if the glass plugs had been 
left out of the stoppers thruout the experiment. 
The data on the experiment are summarized in Table 6, and 
the moisture conditions at the time of opening the cylinders, and 
hence at the time the wheat plants died, are shown in Tables 
7 and 8. Figures 4 and 5 show the relation of the final water 
content of the different cylinders to the hygroscopic coefficient, 
to the wilting coefficient and to the initial water content of the 
soil. The initial water content shown in the figures is the average 
for the six feet and does not at all indicate the initial water con-
tent of the individual foot sections, this not being known. The 
initial moisture content varied a little from cylinder to cylinder 
and accordingly on the figures "the initial water content" as 
shown is not accurate for any one cylinder but is approximately 
correct for all four. 
The soils in the check cylinders III and VI, even at the close 
of the experiment, after having lost about 7 and 3.5 per cent 
water, were wetter than such soils are found under field condi-
tions on uplands, even where conditions have been most favor-
able for saturating the soil and subsoil. Thus the soil in the 
lower two feet of III carried about twice as much water as would 
have been found in the field. This large amount of water pres-
ent at the beginning had permitted a continuous upward move-
ment of water thruout the experiment, there still being a con-
siderable amount of free water even in the second and third inch 
sections. 
In the case of the three cylinders of eastern Nebraska soil 
which bore plants, nothing striking is to be observed. The mois-
ture content increased from the surface downward. In the first 
foot it had been reduced below the hygroscopic coefficient. being
lowest in VII on which the crop had been harvested last. The 
statement of the free water is no more striking than that of the 
total water. The drvness of the surface foot is to be attributed to 
direct evaporation. 
The
data on these three cylinders furnish no 
evidence of the ability of the roots of the maturing wheat to re-
duce the soil moisture below the wilting coefficient. 
TABLE 6.-Data on experiment with Red Fife wheat in 1.909. 
Western Nebraska Eastern Nebraska 
III II I IV VI V I VII I VIII 
Number of plants in cylinder ... ... . .. . .. ..... . .. . 0 2 4 4 0 4 4 4 
Weight of dry soil in cylinder, in grams .... . ..... 37,960 38,056 38,153 37,960 36,990 36,606 36,700 36,312 
Weight of water in soil at planting time, in grams .. 12,928 13,029 13,077 12,825 12,841 12,719 12,582 12,963 
Weight of water in soil on opening cylinder, in grams 5,574 5,841 3,553 11,404 9,730 8,980 9,139 
Weight of water lost . . ... 2,805 7,455 9,236 9,272 1,437 2.989 3,602 3,824 
Time from planting seed to death of last plant, in I 
days. . . . . . . .. I 142 142 140 ..... 127 153 131 
Average height of plants at maturity, in inches. 22 .7 20.3 24.0 .. . .. 16.5 15.3 19.8 
Number of spikes .......... . . . . . 6 12 11 . . . . . . 4 5 4 
Number of grains.. . . . . . . .. . . .... . 111 122 182 . .. 35 34 45 
Weight of grains, air-dry, in grams .. 3.30 3.74 5.14 ... .. 0.83 0.88 1.29 
Weight of crop dried at 110° C., in grams .. 11.0 16.4 17.9 3.2 4.3 5.4 
Weight of water lost per gram of crop, in grams. . ... 678 518 934 838 708 
Date of death of last plant . .. . . . . . .. . . June 30 June 30 June 28 June 30 July 26 July 4 
Date of opening cylinder. June 24 July 6 June 28 June 24 July 6 1July 26 J uly 6 
Per cent of total water in soil of cylinder, on plant-
ing seed . ..... ... 34.1 34.2 34.3 33.8 34.7 35.5 34.4 35.5 
Per cent of total water in surface foot on opening 
cylinder... . . .... 19.8 6.2 6.5 5.6 22.0 8.2 5.9 8.2 
Per cent of free water in surface foot on opening 
cylinder. ... .. .... . ... 10.8 -2.3 -2.1 -2.6 12.0 - 1.8 -4.1 - 1.6 
Per cent of total water in 2-6 ft. on opening cylin-
der . ... .. .. 28.5 15.3 10.0 9.4 33.7 30.5 27.7 28.5 
Per cent of free water in 2-6 ft. on opening cylin-
der .. 19.9 6.7 1.4 0.8 20.1 17.2 14.5 15.2 
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TABLE Moisture conditions at opening of cylinders of humid soi l, experiment of 1909. 
Depth of section 
Feet inches 
I 1 
I 2-3 
1 4-6 
I 7-9 
l 10-12 
( 13-15 
I 16-18 2 ....... 
I 19-21 
l 22-24 
I 25-27 
I 28-30 3 .... .... ) 31-33 I 
l 34-36 
( 37-39 
I 40-42 4 ....... 43-45 I 
l 46-48 
49-51 
I 52-54 5 ... .. . . 55-57 I 
l 58-60 
( 61-63 
I 64-66 6 .... . .. ) 67-69 I 
l 70-71 
Average .... 1-12 
Average . .. . 13-71 
Total water 
VI V VII 
Hygroscopicl---- Free water 
VIII coefficient -,--VI V VII VIII 
Per cent Per cent 
6.9 3.6 
23 .1 7.4 
25.0 9.7 
26.1 12.1 
27.8 16.4 
28.7 19.3 
29.4 21.3 
29.6 23.9 
31.8 28.2 
31.6 29.7 
33.3 30.3 
32.4 30.3 
32.1 30.2 
32.9 31.0 
32.9 32.1 
34.5 32.2 
36.4 34.9 
36.3 34.0 
36.0 35.0 
36.8 37.1 
37.3 37.1 
38.7 36.4 
38.1 36.4 
37 .9 35.6 
22.0 8.2 
33.7 30.5 I 
--
Per cent 
3.2 
4.8 
6.6 
9.0 
15.8 
18.2 
19.5 
21.9 
24.5 
25.1 
28.8 
28 .5 
28 .0 
28.8 
30.0 
29.9 
32.2 
31.0 
30.2 
31.7 
32.6 
.32.7 
33.3 
31.7 
5.9 
27.7 
Pe ' cent 
} 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
2 
4.0 
6.1 
9.8 
3.1 
5.7 
8.6 
9.3 
0.9 
4.5 
6.5 
8.2 
8.8 
8.6 
9.5 
1.5 
2.6 
3.1 
1.9 
1.9 
2.9 
4.2 
4.2 
4.2 
4.0 
8.2 
8.5 
cent Per cent cent Per cent 
9.6 
- 2.7 
9.6 7.5 6.0 -6.4 -5.6 
10.1 13.0 -2.7 - 4.0 
10.1 14.9 0.4 -3.5 .3 
10.4 15.7 1.7 1.4 2.7 
11.6 16.2 4.8 4.2 4.1 
11.6 17.1 7.7 G.6 7.0 
11.6 17.8 9.7 7.9 7.7 
11.6 18.0 12.3 10.3 9.3 
15.1 16.7 13.1 9.4 9.4 
15.1 16.5 14.6 10.0 11.4 
15.1 18.2 15.2 13.6 13.1 
15.1 17.3 15.2 13.4 13.7 
13.9 18.2 16.1 14.1 15.7 
13.9 19.0 17.1 14.9 14.6 
13.9 19.0 18.2 16. 1 17.6 
13.9 20.6 18.3 16.0 18.7 
13.6 22.8 21.3 18.6 19.5 
13.6 22.7 20.4 17.4 18.3 
13.6 22.4 21.4 16.6 18.3 
13.6 23.2 23.5 18. 1 19.3 
12.5 24.8 24 .6 20.1 21.7 
12.5 26.2 23.9 20.2 21.7 
12.5 25 .6 23.9 20.8 21.7 
12.5 25.4 23.1 19.2 21.5 
. ..... 12.0 1.8 -4.1 - 1.6 
20.4 17.2 14.5 15.2 
;:,,a 
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TABLE 8.-Moisture conditions at opening of cvlinders of semiarid soils, experiment of 1909, 
Total water Free water Hygroscopic Depth of section 
III II I IV coefficient III I II I I IV I --
Feet Inches cent Per cent Per cent cent Per cent cent 
1 7.9 3.7 4.3 3.3 8.5 0 6 I 2-3 16.7 - 4.s 
1. . . .... 4-6 20.5 5.1 6.0 4.4 8.4 12.1 - 3.3 -2.4 - 4.0 
I 7-9 21.2 6.9 6.6 7.4 8.5 12.7 --1.6 I 1.9 - 1.1 
l 10-12 21.7 9.0 8.5 8.4 8.6 13.1 0.4 
( 13-15 22.0 11.8 10.1 10.0 8.8 13.2 3.0 1.3 1.2 
I 16-18 22.6 11.9 10.4 10.0 8.8 13.8 3.1 1.6 1.2 2 ... .. . . 1 19-21 24.1 12.7 10.7 9.8 8.8 ' 15.3 3.9 1.9 1.0 I 
22-24 26 .5 14.4 10.8 9.9 8.8 17.7 5.6 2.0 1.1 
25-27 28.0 14.9 12.1 11.7 10.4 17.6 4.5 1.7 1.3 
I 28-30 27 .6 15.3 12.1 11.6 10.4 17.2 4.9 1.7 1.2 3 . . . 31-33 27.7 16.1 12.3 11.8 10.4 17.3 5.7 1.9 1.4 I 
l 34-36 28.0 16.2 11 .9 11 .6 10.4 17.6 5.8 1.5 1.2 
9.3 18.7 : I 37-39 28.0 16.3 10.4 10.1 7.0 1.1 0.8 
4 ! 40-42 27.8 17.0 10.8 10.3 9.3 18.5 7.7 I 1.5 1.0 .••. 43-45 28.5 16.9 10.4 10.2 9.3 19.2 7.6 1.1 1.0 
l 46-48 28.2 17.0 9.5 9.2 9.3 18.9 7.7 0.2 - 0.1 
r 49-51 29.3 15.7 9. 1 7.7 7.4 21.9 8.3 1.7 0.3 
I 52-54 29.2 15.3 8.9 7.6 7.4 21.8 7.9 1.5 0.2 5 .... 55-57 29.3 15.3 8.7 7.6 7.4 21.9 7.9 1.3 0.2 I 
l 58-60 32.4 15.4 8.4 7.7 7.4 25.0 8.0 1.0 0.3 
61-63 32.2 15.3 8.2 7.6 7.1 25 .1 8.2 1.1 
I 64-66 32.6 15.7 8.2 8.0 7.1 25.5 8.6 1.1 0.9 6 .. . 67-69 33.5 15.8 8.4 7.9 7.1 26.4 8.7 1.3 0.8 I 
70-71 31.6 15.8 7.6 7.4 7.1 24.5 8.7 0.5 0.3 
Average .... 1-12 19.8 6.2 6.3 5.9 . ' . . . . . 10.8 - 2.3 2.1 - 2.6 
Average ... . 13-71 28.5 15.3 10.0 9.4 .. . ' .. 19.9 6.7 1.4 0.8 
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Very different from the above are the data on the three cylin-
ders of semiarid soil. In the first foot alone were the conditions 
similar to those in the three cylinders of humid soil, the drying 
due to direct evaporation having extended to the bottom of the 
surface foot. Below the first foot conditions were very different. 
There was no regula,r rise in moisture content with increasing 
depth, it rising and falling independently of the depth. The 
moisture in the four 3-inch sections of each foot was uniform 
within the limits of experirnenta.l error. Here the statement of 
the free water is instructive. In I and IV, which had produced 
the heaviest crops, the moisture in the different foot sections 
below the surface foot had been reduced almost to the hygro-
scopic coefficient, viz, to 1.4 per cent of free water in I and to 
0.8 per cent in IV. In II, which had not produced as heavy a 
crop, the moisture content was considerably (6.7 per cent) above 
the hygroscopic coefficient and the moisture rose slightly from 
the surface downward. In all three the roots had penetrated 
freely to the very bottom of the cylinders, being found even in the 
sand layer. vVhen the soil moisture had run low the roots seem 
to have drawn quite uniformly on the free water in the different 
levels_ 
The data given on line 12 of Table 6 on the loss of water per 
gram of dry matter of crop produced include the water lost by 
direct evaporation from the soil as well !'}S that transpired. A 
sati sfactory correction for the amount lost by direct evaporation 
cannot be made from the data on hand. It is certainly consider-
ably below that lost from the unplanted cylinders. The great 
difference between the two unplanted cylinders is to be at-
tributed, at least in part, to the marked difference in water ca-
pacity of the soils they contained, while the initial total moisture 
content was very similar in both. The water transpired per unit 
of dry matter produced lies between the very wide limits of 518 
and 934. The yields of grain calculated to an acre basis are 
interesting, those on the semiarid soil being 26, 30, and 41 bushels 
and on the humid soil 6, 7, and 10 bushels. Such a result could 
not be obtained in the field on a deep, well-drained semiarid soil 
similar to that used, unless water were added during the growth 
of the crop, for the reason that so much water would not be held 
in the surface six feet
On the H O Ranch, 200 yards from where the semiarid soil 
was obtained, there was a young orchard which had been kept in 
clean cultivation for 3 years. On November 21, 1907, the soil con-
It should be emphasized in this connection that 6 feet is not the 
limit of root penetration for wheat on all semiarid soils where free water 
in considerable quantity extends to a greater depth. 
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tained an average of 17.8 per cent total water and had a hygro-
scopic coefficient of 7.6. In the adjacent prairie a shallow pit, 12 
feet in diameter, was dug on November 9, 1907. During the fol-
lowing four days 28 inches of water was added. T'en days later 
the first six feet contained 21.1 per cent total water and at the end 
of the following April, the surface having been protected from 
evaporation in the interval, it contained 17.3 per cent total water 
-much the same as the soil of the adjacent orchard. Thus the 
same depth of soil in the cylinders with a quite similar hygro-
scopic coefficient, averaging 8.5, contained about 25 per cent free 
water while similar soil in the field, both when saturated by 
fallowing and when saturated by irrigation, contained only about 
10 per cent free water. 
On the Experiment Station farm, part of a young orchard had 
been kept in clean cultivation for ten years. In the most moist 
soil that was found in this field the total water in the first 6 feet 
was 26.1 per cerit, with an average hygroscopic coefficient of 11.9, 
while the humid so·il in the cylinders contained about 35 per cent 
total water and had an average hygroscopic coefficient of 12.8. 
SUMMARY OF EXPERIMENT.-At the time the seeds were planted 
the cylinders of semiarid soil carried more than twice as much 
water as the same soil would have retained under field conditions, 
while the cylinders of humid soil carried at least one-fourth more 
than the same soil in the field would have retained. The loss of 
water-wholly by direct evaporation-from the tw,o unplanted 
cylinders during the four months of the experiment was equiva-
lent to about 5.0 inches of rainfall in the case of the semiarid 
soil and to 2.5 inches in that of the humid soil. Normal plants 
were produced on both soils and the yields of grain, calculated 
to an acre basis, exceeded 25 bushels on the semiarid soil but 
were less than 11 bushels on the humid soil, the former being 
much higher than could be expected from the same depth of sub-
soil under field conditions, because of the excessive quantity of 
free water at the time of planting. In no case, however, was the 
proportion of grain to straw or the loss of soil water per unit 
weight of dry matter produced more favorable than might be 
expected in the field. 
The plants on the semiarid soil made a much greater growth 
and rooted much more deeply. They also made a more economi-
cal use of the soil water than did those on the humid soil; how-
ever, this economy may have been due entirely to a smaller 
evaporation from the cylinders of semiarid soil. After the plants 
had matured there was a marked difference between the semiarid 
and the humid soil in the moisture condition of the subsoil but 
not in that of the surface foot. The transpiration of water from 
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the semiarid soil was lowered by reducing the foliage of the 
plants, but the dep th of penetration of the roots was not thereby 
lessened. 
The final wat er content of the humid subsoil in this experi-
ment bore no r elation to either the wilting coefficient or the hy-
groscopic coefficient. In the two cvlinders of semiarid soil in 
I 
which there was barely enough wat er to mature seed there was a 
direct dependence of the final water content upon the hygroscopic 
coefficient, the former being only a little above the latter. In the 
semiarid subsoil in which roots were well developed, t he final 
content of free water was independent o·f the distance of the sub-
soil from t he surface, except in one cylinder, and in this there 
remained an abundance of free water even after the death of the 
plants. In the latter the free water content increased slightly 
with the distance from the surface. 
In all 6 of the cylinders which bore plants a hard crust de-
veloped under the surface mulch but appeared to have no in-
jurious effect on the plants. 
GROWTH OF CROP PLANTS WITH DIFFERENT AMOUNTS OF 
WATER IN THE SUBSOIL. EXPERIMENT OF 1910. 
The 22 metal cylinders used in this experiment were of the 
same material, form, and dimensions as those employed in 1909. 
After being filled, 2 were left unplanted, 6 were planted to Red 
Fife wheat, 6 to Kubanka wheat, 6 to milo, and 2 to Mexican 
pink beans. The 20 were planted on Februa.ry 5, the two un-
planted cylinders like the others being provided with a one-inch 
mulch of dry soil. All the cylinders, as soon as the mulch of air-
dry soil had been added, were r emo,ved to the greenhouse and 
sunken in a rectangular pit four feet deep. The portions above 
the surface were enclosed by planks and banked up with soil as 
shown in figure 6, thus protecting all but the surface 3 to 6 
inches from the heat of the direct rays of the sun and the rapidly 
varying air t emperatures. (When the photograph was taken 
some of the soil was removed from the sides so as to show the 
numbers on the cylinders.) 
Beginning near the middle of March a record was kept of the 
daily maximum and minim.um temperatures and o.f the evapora-
tion from a free water surface. A little later a record of the 
humidity was begun. While the humidity did not differ much 
from that in the open air, the maximum daily temperature on 
more than half the days exceeded 100° F. and the experiment 
was finally cut short by a temperature of F. on June 12. 
(Table 4.) 
This temperature in itself would not have been fatal to the 
plants had the soil moisture not already been reduced to such a 
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low point. Sixteen pots with maize plants from 3 to 4 feet high 
in the same greenhouse and only a few feet from the cylinders 
thruout the day remained uninjured but they had been liberally 
watered early in the morning of June 12. 
No whitewash was used on the windows of the greenhouse. 
As in the experiment of the preceding year, a close watch 
was kept for the development of any crevice between soil column 
and cylinder wall, and as soon as one appeared loose surface soil 
was at once worked down into it. Later, when the cylinders were 
opened, it was found that no crevices had extended below twelve 
inches, and all were full of surface soil. Accordingly there had 
been no opportunity for direct evaporation from the sides of the 
soil columns. In order to maintain a good mulch in some of the 
cylinders, it was necessary, on account of a portion of the orig-
inal mulch having been worked down into these crevices_, to add 
more dry surface soil, amounting to from 300 to 500 grams, the 
amounts being recorded at the time and included in the totals 
given in Tables 11, 13, 15, and 17. 
No soil crust formed below the mulch in the unplanted 
cylinders but in all the others a very hard crust had developed 
by the end of the second month after planting. 
As soon as the plants in a cylinder died they were removed, 
the cylinder opened as soon as convenient and the moisture of 
the soil determined. The roots in the different foot sections of 
the subsoil were separated out, photographed, dried, and weighed. 
The experiments were much simpler in so far as the soils 
were concerned than those of the preceding year. Only semiarid 
soil, again from the H O Ranch, was used and this consisted of 
only three bulk lots, namely, the first 6 inches, the second 6 
inches, and a composite subsoil referred to hereafter as "H 0 
Subsoil." The last was taken from the fourth, fifth, and sixth 
feet in an excavation made in the prairie field from which the 
soils used in 1908 and 1909 had been secured. After this sub-
soil reached the Experiment Station it was thoroly mixed, while 
dry, by shoveling, passed thru an eighth-inch screen, and again 
mixed. This subsoil was not only representative of the subsoils 
of an important dry land area of the state but it was such that 
it could be placed in the cylinders so as to be very similar to 
the condition in which it occurs naturally. Extensive studies of 
this soil in pits and borings on the H O Ranch, as well as. in va-
rious other cylinder experiments, have shown that there is a very 
close resemblance between the condition of the soil, both in the 
wet and in the dry state, in cylinders and the condition of it in 
the field. 1 
'A fuller description of the properties of the "H O Subsoil" is given 
on p. 249 of the article by Alway and Clark, referred to on p. 28. 
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As only three different soils were used in the 22 cylinders 
and as these had been thoroly mixed, the determination of the 
hygroscopic coefficients was a simple matter. The most inter-
est attaches to the subsoil and of this a very large number of de-
terminations were made, the average being 5.6. The values for 
the first 6-inch and the second 6-inch samples are 9.3 and 11.0 
respectively. 
FILLING THE CYLINDERS. 
In all the 22 cylinders when filled there were only three differ-
ent soils, the soil below the first foot being uniform, except for 
a layer of coarse sand weighing 400 grams and about three-
fourths of an inch in thickness, which was placed in the bottom 
of each cylinder in order to facilitate drainage. 
The method of applying water used in 1908 and 1909 was 
not employed in this experiment for the reason that it left in 
the soil after seepage had ceased so very much more water than 
the same soil under dry-land field conditions would carry. Ten 
of the cylinders were filled with air-dry soil, after which enough 
water was added to give the desired total amount. The other 
12 were filled with moist subsoil, water being added, after the 
filling, only to moisten the surface foot. Germinated seeds wer·e 
planted in all but 2 of the cylinders on the same day, these 2 
being left unplanted. 
Ten, I to X, were filled with dry soil in much the same way 
as in 1909, all except the surface inch being added with tamping. 
The weight of each of the three kinds of soil used for each cylin-
der, as well as the percentage of moisture in each, was determined 
and from these data there was calculated the amount of water 
contained in the air-dry soil of each cylinder; then enough water 
was added to each to make the total amount present equal to 25 
per cent of the dry weight of the surface foot and 18 per cent of 
the dry weight of the subsoil. During the adding of the water, 
which lasted over several days, the tops of the cylinders were 
kept covered to prevent evaporation and the glass plugs were 
removed from the one-hole rubber stoppers. As soon as all the 
added water bad soaked into the soil, the glass plugs were re-
turned, the cylinders were weighed and placed in the pit in the 
greenhouse, germinated seeds were planted one inch deen in the 
moist soil, and the final inch of dry surface soil added. No seep-
age had occurred in the case of any of these before the plugs were 
inserted and doubtless none would have occurred if the plugs had 
been left out. 
For the 12 cylinders in which the subsoil was moistened be-
fore being placed in the cylinder. eight lots of prepared subsoil 
were used. Each lot of moist subsoil was prepared by placing a 
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weighed quantity of the air-dry soil, of which the moisture con-
tent bad been determined, on a smooth cement floor and adding 
the calculated amount of water in small portions while the mass 
was being shoveled over. The whole was mixed thoroly, first by 
shoveling, then by passing it twice thru a swinging sieve of one-
fourth-inch mesh, and finally by again shoveling the mass 
thoroly. The moist soil thus prepared was immediately placed 
in a large covered can in which it was kept until transferred to 
the cylinders. The moisture percentages reported in the tables 
are those actuallv found in the soil after it bad been mixed and 
placed in the large cans; th ns, for example, where it was desired 
to obtain a series of moist subsoils containing 6.0, 10.0, 14.0, and 
18.0 per cent of water, there was obtained instead a series with 
5.8, 9.8, 14-.1, and 18.2 per cent respectively. 
Solid instead o-f one-bole rubber stoppers were placed in the 
drainage nipples of these 12 cylinders before the filling was be-
gun. A small amount of the subsoil was added at a time and 
tamped before adding more. When a cylinder was filled to 
within twelve inches of the top all of the second 6-inch bulk sam-
ple, and also all of the first 6-incb bulk sample, except the final 
inch, was added with constant tamping. The two portions of
the surface foot were added in an air-dry condition. Then using 
the method described on page 48 there was added the amount of
water required to raise the total moisture content of the surface 
foot to 20 per cent. When the water had soaked away the cylin-
ders were placed in the pit in the greenhouse, the seed planted, 
and the final inch of air-dry soil added. 
SEPARATION OF ROOTS FROM THE SUBSOIL
As the subsoil was very dry in most of the cylinders, it was 
easy to screen out the roots. In the case of each 3-inch section, 
after a pint sample, to be used for the moisture determination, 
bad been placed in a jar, the rest was passed tbru an eighth-inch 
screen. The portion of the section placed in the jar was not 
thus screened, but as it was being transferred to the jar a care-
ful watch for roots was maintained. Where the soil was too 
moist to pass readily tbru the screen, as in the lower part of 
cylinder VIII, it was allowed to stand in a jar of water for a 
few hours and then washed thru the screen, using a jet of 
water. All the roots thus secured from the four 3-inch sections 
of each foot were placed in a jar of 2 per cent formaldehyde and 
left until all the cylinders had been opened. Finally the roots 
were washed on a screen in running water, carefully separated 
from other organic residues, placed on disks of black filter paper, 
and photographed. Then they were dried and weighed. No at-
tempt was made to separate the roots from the surface foot of 
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soil. As among the notes on ea.ch 3-inch section, recorded at the 
time of opening the cylinders, mention was always made of the 
rela.tive abundance of roots, ther e are three checks on t he rela.-
tive root development iu ea.ch foot section, viz, these notes, the 
photographs, and the weight of dry matter in the roots. In a few 
instances where the presence o.f a very few fine roots was recorded 
in the notes, the roots were lost in the subsequent operations be-
fore the photographs were taken. As previous to the filling of t he 
cylinders the subsoil had all been passed thru a.n eighth-inch 
screen, nearly all the old roots had thus been removed. How-
ever, before photographing them the r oot fragments from t he 
different foot sections were gone over with forceps, handling 
them one by one a.nd rejecting all that did not appear fresh. 
While for the purpose of securing photographs of t he roots, 
it would have been desirable to leave them intact and a.t-
tached to the plant, such was not feasible in this experiment , 
which was designed especially to secure accurate data on t he 
distribution of the soil moisture in short sections, the determi-
nation of the quantitative distribution of the roots being a 
secondary consideration
TABLE 9.-Cylinders used in 1910 experiment. 
Free water at time 
Cylinder Crop 
of planting Date of death of Date of open-
No. Surface last plant ing cylinder 
foot to 6 ft. 
--
Pe,· Per cent 
I Mexican beans .. 14.9 12.4 May 13 May 13 
II Mexican beans .. 14.9 12.4 May 13 May 13 
III Milo .. . ... . . 14.9 12.4 May 13* May 13 
IV Milo ... 14.9 12.4 June 14 June 14 
V Red Fife wheat 14.9 12.4 June 14 J une 14 
VI Red Fife wheat 14.9 12.4 June 14 June 14 
VII Kubanka wheat . . 14.9 12.4 June 14 June 14 
VIII Kubanka wheat .. 14.9 12.4 June 14 June 14 
IX No crop .. . .. . . . 14.9 12.4 . ... May 13 
X No crop. . . . . . . 14.9 12.4 ...... May 13 
XI Kubanka wheat .. 9.9 0.2 May 9 May 13 
XII Milo . .. 9.9 0.2 May 13 May 13 
XIII Red Fife wheat. 9.9 0.2 May 9 May 13 
XIV Red Fife wheat . . 9.9 4.2 June 14 June 14 
xv Kubanka wheat .. 9.9 4.2 June 14 J une 14 
XVI Milo . . ... . . . . 9.9 4.2 June 14 June 14 
XVII Kubanka wheat .. 9.9 7.8 June 14 June 14 
XVIII Milo ............ 9.9 8.5 June 14 June 21 
XIX Red Fife wheat 9.9 7.4 June 14 June 21 
xx Red Fife wheat . . 9.9 11.5 June 14 June 21 
XXI Milo . .. ....... 9.9 12.6 J une 14 J une 21 
XXII Kubanka wheat . . 9.9 12.2 June 14 June 14 
Plant not quite dead when removed. 
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Table 9 gives a summary of the initia l moisture conditi ons 
in the different cylinders, of the crops grown, and of the dates of 
harvesting the crops and opening the cylinders. 
CYLINDERS WITHOUT PLANTS. 
These were left undisturbed from the time that they were 
placed in the greenhouse until they were removed from the pit 
and open ed, except from time to time to examine them by means 
of a spatula for the formation of a crevice along the cylinder 
wall and to test them by means of a sharp pointed stick, for the 
presence of a crust under the surface mulch. No crevice formed 
and no hard crust was found, altho when the cylinders were 
opened on May 13 a crust was beginning to form in each. 
As shown in T'able 10, the percentage of total moisture in-
creased steadily from the surface to the bottom of the first foot, 
where there was a sudden drop from 22 per cent to 13 per cent. 
From this point on down it increased steadily to the bottom of 
the subsoil, where it reached 21 per cent. There was practically 
the same moisture content at corresponding depths in the two 
cylinders. The surface foot was much drier than in the experi-
ment in 1909 and much less water had been lost by evaporation . 
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Final moisture conditions in ten cylinders with the moistest sur-
face soil. 
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While the amount of added water had not been enough to cause 
it to seep from the bottom of the cylinder, it was enough to have 
supersaturated the soil if it had been under field conditions. The 
moisture relations are shown in figure 7. 
RED FIFE WHEAT
The seed used was from one of the plants grown on semiarid 
soil in the experiment of 1909. Ten seeds were planted in each 
of the 6 cylinders on February 5; 23 days later, when the plants 
were from 4 to 12 inches high, they were thinned to the most 
vigorous 4 in each cylinder. No further thinning was practiced, 
except in the case of VI, from which 3 plants were removed on 
April 27. The thinnings were dried and the weights included in 
those of the total dry matter reported in Table 11. Little differ-
ence between the plants in the six cylinders was observed until 
the end of the first month. 
A summary of the data of the experiment is given in Table 
12 and the moisture conditions in the soil at the death of the 
plants are shown in Table 11 and in figures 7 to 11. Figure 12 
shows the condition of the plants on April 23 and on June 8 re-
spectively. The roots separated from the different foot sections 
of the subsoi·l are shown in figure 13. 
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T ABLE Moisture conditions on opening unplanted cylinders
experiment of 1910. 
D epth of section T otal water Free water 
In feet In inches IX X IX 
Per cent Per cent Per cent 
I 1-3 3.8 3.9 -5.5 
I 4 7.6 7.3 - 1.7 
1 . . . . . . . 5-6 14.8 14.5 
I 7-9 20.4 20.2 
l 10-12 22.5 22.0 
( 13-15 13.1 12.6 
I 16-18 13.6 13.1 2 ......... 1 19-21 13.5 13.4 I 
l 22-24 14.2 13.8 
r 25-27 14.8 14.4 
I 28-30 15.1 14.7 3 .. . . .. . . 31-33 15.6 15.4 I 
l 34-36 16.4 16.0 
( 37-39 16.7 16.3 
I 40-42 17.1 16.4 4 .. . ... 43-45 17.6 16.9 
l 46-48 17.5 17.1 
( 49-51 17.5 17.5 
I 52-54 18.2 17.7 5 .... . . . . 55-57 18.2 17.5 I 
l 58-60 19.3 18.7 
( 61-63 20.5 19.9 
6 .. ..... . 64-66 21.2 21.0 
l 67-69 21.5 20.9 
Average ... 1-12 14.8 14.5 
Avera e .... g 13-69 16.9 16.5 
Weight of dry soil and subsoil in cylinder ... . . . ...... . . . . 
Weight of water in cylinder, Feb. 5. . . . . . . ......... . . . 
Weight of water in cylinder, May 13 . ....... . .......... . 
Weight of water lost in 97 days. . . . . . . . . . . . .... . . ... . 
Per cent of total water in surface foot of soil, Feb. 5 ..... . 
Per cent of total water in subsoil, Feb . 5 ... .... . .. . .... . 
Per cent of total water in surface foot of soil, May 13 . . . . 
Per cent of total water in subsoil, May 13. . . . . . ..... . 
5.5 
9.4 
11 .5 
7.5 
8.0 
7.9 
8.6 
9.2 
9.5 
10.0 
10.8 
11.1 
11.5 
12.0 
11 .9 
11.9 
12.6 
12.6 
13.7 
14.9 
15.6 
15.9 
4.6 
11.3 
IX 
Grams 
43,412 
8,216 
7,403 
813 
25.0 
18.0 
14.8 
17.4 
X 
Per cent 
-5.4 
-2.0 
5.2 
9.1 
11.0 
7.0 
7.5 
7.8 
8.2 
8.8 
9.1 
9.8 
10.4 
10.7 
10.8 
11.3 
11.6 
11 .9 
12.1 
11 .9 
12. 1 
14.3 
15.4 
15.3 
4.4 
10.8 
X 
Grams 
42,943 
8,102 
7,033 
1,069 
25.0 
18.0 
14.5 
16.7 
TABLE Data on experiment with Red Fife wheat in 19.lO. 
Weight of dry soil and subsoil in cylinder, in grams .... .. . 
Weight of water in soil and subsoil, F ebruary 5, i n grams . . .... .... . 
Weight of water in soi l and subsoil at opening of cylinder, in grams .. 
Weight of water lost . . . 
Time from planting of seed to maturing of pl a nt, days... . .... 
Height of plants at the t ime of maximum development, in inches 
Number of spikes . 
N umber of grains ............ . 
Weight of grains, air-dry, in grams. 
Weight of leaves, stems, etc., air-dry, in gr ms .... 
Weight of crop dried at ll0° C., in grams .. 
Weight of water lost per gram of crop at 110° C ., in grams. 
Weight of roots , dried at 110° C. , in second f ot, in grams . 
Weight of roots , dried at 11 ° C., in third foot, in grams ... 
Weight of roots, dried at 110° C ., in fo ur t h foo , in grams .. 
Weight of roots, dried at ll0° C., in fifth foot, in grams .. 
Weight of roots, drie. at 110° in sixth foo , in grams .. 
Total weight of roots in subsoil. 
Average height of plants on Februa ry 28, in inches 
Average height of plants on March 5, in inches . 
Average height of plants on March 12, in inches 
Average height of plants on March 18, in inches . 
Average height of plants on March 28, in inches .. 
Average height of pla nts on Apri l 2, in inches . .. . 
Average height of plants on 9, . 
Average height of plants on 16, 
Average height of plan ts on 
Average height, of plants on mches .... .. . .. . . . . . . 
Average height of p lants on 7, inches . . 
Date of death of last pla nt .. 
Date of opening cylinder ...... 
Per cent of to t al water in su rface foot of soil, February 5. 
Per cent of total water in subsoil, Fe bruary 5.... . . . . . . . . . . . . . . . . . . . 
Per cent of total water in surface foot on opening cylinder. 
Per cent of total water in subsoil on opening cylinder... . ....... . 
* The height reported is that of t he highest green point on I.be plant. 
V 
4 ,272 
8 076 
2,377 
5,699 
129 
15.5 
0 
u 
8.2 
7 .5 
76 
.042 
.039 
.049 
.068 
.236 
5.5 
9.5 
10.5 
12.5 
12.5 
12.5 
14.0 
14. 
14.5 
14.5 
15.0 
VI 
42,339 
,007 
2,492 
5,515 
129 
12. · 
0 
0 
6.8 
6.1 
904 
.128 
.039 
. 
.046 
.324 
9.0 
11.0 
ll 5 
13. 
12 5 
12. 
12.5 
1 .5 
12.0 
12.0 
12.5 
XIII 
4 ,510 
3,332 
2,543 
9 . . 
0 
0 
0.6 
0. 6 
1315 
.003 
.000 
00 
00 
00 
.003 
5 .5 
9.0 
9 .. 
9.5 
9.0* 
9.0 
8 .5 
XIV 
43,343 
4,831 
2 976 
1,85 
10. 
1 
0 
0 
2.0 
1.8 
1,031 
017 
.006 
.006 
Traces 
. 
8 .0 
9. , 
.5 
10.0 
9.5 
9 .. 
9 .5 
7 . 
7.0 
XIX 
44, 53 
6,161 
2,681 
129 
18 0 
3 
' 
4.8 
800 
.032 
.·, 16 
.017 
.015 
.009 
89 
7.5 
10.0 
llO 
12. 0 
1 J 
11. , 
ll.5 
10.0 
xx 
46,209 
,060 
3,237 
8 
15.0 
4 
.15 
9.1 
8.25 
584 
.048 
.004 
Traces 
.077 
11.0 
12.0 
12.5 
12 5 
14. , 
14.0 
15.0 
June 14 June June 14 June 14 June 
June 14 June 14 13 ,June June 21 June 1 
18.0 
5.8 
5.6 
25.0 
18.0 
5.8 
5.9 
20.0 
5.8 
6.0 
20.0 
9.8 
5.8 
6.6 
20.0 
13.0 
8 
6.0 
20.0 
17.1 
6.3 
7.1 
;JO. 
.:, 
0 
(.,:, 
TABLE Moisture conditions on opening cylinders with Red Fife wheat in experiment of 1910. 
Free water Hygroscopic Depth of section 
coefficient V VI XIII XIV XIX xx 
Per cent cent cent cent cent 
I 1-3 -5.7 - 5.8 - 6.2 - 5.4 -5.4 -6.2 9.3 4 - 5.0 - 5.2 -5.6 -4.9 - 5.6 9.3 
1. .. .... .. 5-6 - 4.7 - 4.7 -5.0 -3.5 I - 4.7 - 4.7 9.3 
I 7-9 - 3.9 -4.0 - 4.2 -3.8 I - 3.7 - 2.9 11.0 
l 10-12 - 2.9 I - 2.6 I -1.6 3.5 -3.5 -1.4 11.0 I I r 13-15 - .2 .3 - .1 - .2 - .1 .8 5.6 I 
2 16-18 I 
- .1 .4 .2 .2 .2 
I 
.5 5.6 
19-21 - .2 .6 .5 .4 .5 1.5 5.6 
22-24 .1 .4 .6 .6 .2 1.5 5.6 
( 25-27 .1 ! .4 I .6 .7 .4 1.5 5.6 
I 28-30 .1 .4 .3 1.0 .5 1.5 5.6 
I 31-33 .1 .3 .2 1.1 .1 1.8 5.6 I 34-36 .1 .6 I .1 1.0 .5 1.5 5.6 
37-39 .0 .7 .0 .4 2.0 5.6 
40-42 .1 
I 
.7 .1 1.3 ' .3 1.9 5.6 4 ...... ... I 43-45 .1 .7 .4 1.3 I .3 2.0 5.6 
46-48 .1 I .6 .3 1.2 .4 1.8 5.6 
I 
49-51 .3 .3 1.9 5.6 .1 1.5 .5 
I 52-54 .1 - .1 .5 1.8 .4 1.4 5.6 
....... 55-57 .1 .1 .5 2.0 .4 
I 
1.5 5.6 
58-60 - .1 .2 .5 2.4 .4 1.5 5.6 
61-63 .1 I - .2 .6 I 2.9 .5 1.6 5.6 
...... . . 64-66 - .2 - .2 .5 2.9 .5 1.5 5.6 
67-69 .1 .2 
I 
.7 3.4 .7 1.4 5.6 
Average ... 1-12 - 4.3 - 4.3 -4.1 4.3 -3.8 I 10.1 
Average I 13-69 .0 .3 I .4 1.4 .4 1.5 I 5.6 
0 
0 
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Fig. 8. F inal moisture conditions in cylinders which contained only 
0.2 per cent free water in the subsoil when planted. 
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Fig. 9. Final moisture conditions in cylinders which contained 4 per 
cent free water in the subsoil when planted. 
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Fig. 10. Final moisture conditions in cylinders which contained 8 per 
cent free water in the subsoil , when planted. 
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Fig. 11. Final moisture conditions in cylinders which contained 12 per 
cent free water in the subsoil when planted. 
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CYLINDER WITH NO FREE WATER IN THE SUBSOIL.-Cylinder 
XIII was filled with subsoil containing 5.8 per cent total water. 
This is practically the hygroscopic coefficient and accordingly 
the subsoil contained practically no free water. On the subsoil 
was placed eleven inches of air-dry surface soil having an average 
hygroscopic coefficient of 10.1 and enough water was added to 
raise the average percentage of total water in the surface foot 
to 20. Some experiments1 carried out later indicate that practi-
cally the whole of thls added water would be held within the sur-
face twelve inches, allowing only a very little to pass by capillar-
ity into the uppermost portion of the subsoil. 
V VI XX XIX X IV X III 
Fig. 12. Red Fife wheat 77 and 123 days after planting; experiment of 
1910. 
The plants in this cylinder did as well as those in the five 
other cylinders until the fifth week, after which they rapidly fell 
behind. They made no growth after March 12. On March 18, 
after three days with high t emperatures in the greenhouse., all 
four plants wilted and did not afterwards fully recover. None 
formed a tiller or put forth a spike. Their condition on April 
23 is shown in figure 12. They grew steadi ly worse but were 
'Analogous to those described by Alway and Clark, Twenty-fifth An-
nual Report of the Nebraska Experiment Station , 1912, p. 285. 
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not entirely dead until May 13. The cylinder was opened on 
that date. No free water was present in the surface soi l and 
there was practically none in the subsoil. The former contained 
-4.3 per cent free water and t he latter 0.4 per cent. The only 
roots t hat had entered the subsoil extended about two inches be-
low the surface foot. '!'hey are shown in figure 13. The dry 
matter in these roots amounted to 0.003 gram. 
The explanation of the lack of difference in growth during 
the first month is evident from the above. As long as the plants 
in a ll six cylinders had their roots confined to the surface foot 
of soil, al l had about equally favorable conditions and made 
2d 
f t. 
3d 
ft . 
4th 
ft. 
5th 
ft. 
6th 
ft. 
V 
Fig. 13. 
VI XX X IX XIV XIII 
Roots of Red Fife wheat; experiment of 1910. 
similar growth, but as soon as the roots were developed to the 
bottom of the surface foot the plants in XIII fell behind the 
others; the roots did not penetrate the subsoil on account of the 
absence in it of free water. The final dryness of the subsoil as a 
whole was due simply to its not having had any water to give up 
to the plants, while that of the surface soil was due partly to the 
loss thru transpiration but chiefly to direct evaporation. The in-
crease of 0.2 per cent in the average moisture content in the five 
feet of subsoil may be due to a slight distillation from the moist 
surface soil early in the experiment, but it is probably rather to 
be considered within the limits of the experimental error. 
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The production of dry matter for the water lost was very 
low--only one part for 1315 parts of water, or the equivalent of 
one ton of dry matter for 11.5 inches of rain. 
CYLI;',1D ERS WITH 4 PER CENT FREE W WATER IN THE SUBSOIL.-
Cylinder XIV was filled like XIII, except that a moist subsoil 
with 4.2 per cent free water was used. After the first month the 
plants in this did better than those in XIII, but poorer than those 
in any of the other cylinders. On March 18, 2 of the 4 plants 
wilted and did not afterwards fully recover, altho they remained 
alive until the middle of May. The other 2 plants did not wilt 
until April 3, following three days of high temperatures in the 
greenhouse. Both recovered and on April 30 the one plant had 2 
tillers and the other 3; the latter died during the latter part of 
May, while the former put a spike part way out of the sheath but 
gave no promise of further development. It was already dying 
on ,June 11--the day before that on which the temperature in 
the greenhouse rose to 124° F. Two days later this plant was 
quite dead, having formed no grain, and the cylinder was opened. 
The surface foot of soil contained no free water (really -- 4.1 per 
cent) while the free water in the subsoil rose steadily from 0.0 
in the upper half of the second foot to 2.1 per cent in the lower 
part of the sixth foot, averaging 1.4 per cent thruout the sub-
soil. Roots were found in all levels of the subsoil, but they were 
scar ce in the fifth foot and only a very few small ones were found 
in the sixth foot. There was still an appreciable quantity of 
free water in the lower part of the cylinder, but the root de-
velopment was not such as to permit of its rapid absorption. 
Except in the sixth foot the moisture content was below the wilt-
ing coefficient. It is possible that under favorabl e weather con-
ditions- cool, cloudy, humid weather- or with a more extensive 
root development the one plant might have formed some seed. 
The moisture content of the subsoil was still 1.4 per cent above 
that of cylinder V and 1.0 per cent above that of cylinder XIX. 
in neither of which the last plant had yet died, but was 1.2 per 
cent below the wilting coefficient. 
It is of interest to observe that the four plants did not all 
die, or even wilt, simultaneously, but that two acted independ-
ently of the other two and of one another, as tho they drew their 
water supply from different parts of the soil column. This is a 
good illustration of the difficulty of attempting in the field to 
decide upon the moisture content of the soil corresponding to 
the wilting point or to the death point. One of these four plants 
continued to grow and develop for some 80 days after two had 
permanently wilted and th ese two continued alive for nearly 
two months after so wilting. 
Relation of N onavailable Water to Hygroscopic Coefficient 61 
CYLINDER WITH 7 PER CENT FREE W WATER IN THE SUBSOIL.-
Cylinder XIX was filled like XIII and XfV, except that moist 
subsoil containing 13.0 per cent total water-7.4 per cent free 
water-was used. All the plants did well until near the end of 
March the four plants having 8 tillers on March 28. About the 
middle of April two of the plants began to die and were dead by 
,June 11. 'l'he other two continued to develop until they had put 
three spikes part way out of the sheath. By June 8 they had 
ceased to grow but were still alive when June 12 arrived. The 
one spike bore three shrunken grains, while the other two bore 
none. The moisture conditions in both the surface foot and the 
subsoil were like those in XIII-with negative free moisture 
per cent) in the former and practically none (0.2 per cent) 
in the latter The subsoil was uniformly dry at the different 
depths. There was a fair development of roots to the very bot-
tom of the subsoil. In this cylinder also the plants perished 
independently of one another. 
CYLINDER WITH 12 PER CENT FREE WATER IN THE SUBSOII,.-
Cy linder XX differed from XIX in that it was filled with moist 
soil containing 11.5 per cent free water. All four plants in this 
did well until the end of April when the four plants had 11 tillers 
in all. One plant began to die, but the other three continued to 
grow. They all wilted on May 17 but recovered and put forth 4 
spikes which were not yet ripe on June 11. The high tempera-
ture of the following day killed all the plants. The earliest spike 
bore 6 shrunken grains. The surface foot contained -3.8 per 
cent free water and the subso,il an average of 1.5 per cent, it being 
quite uniformly distributed. Roots occurred thruout the sub-
soil, but in the lower foot sections they were much less numerous 
than in XIX. 
Two CYLINDERS WITH MOISTER SOIL NEAR THE SURFACE.-Cylin-
ders V and VJ were filled with air-drv subsoil and surface soil 
and then to the surface was added the
0
amount of water required 
to make the total weight of water in the cylinders equal to 18 
per cent of the weight of the dry subsoil plus 25 per cent of that 
of the dry surface soil. The total amount of moisture in V and 
VI was almost the same as that in XX-8,076 and 8,007 grams 
against 8,060 grams-but the distribution of this thruout the soil 
mass was quite different. 
The plants in V and VI made the most vigorous growth of all. 
On March 26 the plants in both cylinders suffered some slight 
injury from mice. On April 27 the 4 plants in the former had 
19 tillers and those in the latter bad 20. On that date there 
were removed from VI three plants having 11 tillers, thus leaving 
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one with 9. The weight of dry matter in the three plants was 
4.3 grams. On May 17 the plants in both wilted, the one in VI 
suffering as much as the four in V. At no time after the thinning 
of April 27 did the plant in VI appear thriftier than the plants 
in V. None put forth a spike and all were nearly dead before 
June 12. The cylinders were opened on June 14. In VI the 
moisture conditions in both surface soil and subsoil were practi-
cally indentical with those in XIX, while the subsoil was very 
slightly drier in V. Roots were very extensively and uniformly 
distributed thruout the soil mass. Figure 13 shows well the 
extent of the development of the roots in both. The weight of 
roots in the subsoil of both V and VI was three times as great 
as that of the roots in the subsoil of XIX. The plants in V and 
VI, having started with about the same amount of soil moisture 
and having formed a better developed roo,t system, had made a 
much less economical use of the soil water, practically exhaust-
ing it before putting forth spikes, than had those in XIX. 
KUBANKA WHEAT
A series of 6 cylinders, corresponding to those used for the 
Red Fife wheat, was planted on the same day with Kubanka 
wheat, ten seeds being used for each. On February 28, when the 
plants were from 4 to 9 inches high, they were thinned to the 
most vigorous four in each cylinder. No further thinning was 
intentionally practiced, but on March 26, mice ate off, almost 
level with the surface, one plant in VII and one in VIII. Both 
later put forth tillers. As with the Red Fife wheat, little differ-
ence in growth was to be observed during the first month. 
Tables 13 and 14 give the data and figures 14 and 15 show the 
condition of the plants and the distribution of roots in the sub-
soil. 
TABLE 13.- Data on experiment with Kubanka wheat in 1910. 
Weight of dry soil and subsoil in cylinder, in grams. . . . . . . . . . .. ........ .. . 
Weight of water in soil and subsoil in cylinder, February 5, in grams. 
Weight of water in soil and subsoil at opening of cylinder, in grams ......... .. . 
Weight of water lost. . . . . . . . . . . . . . . . . . . . . . .. .. ... . . 
Time from planting of seed to maturing of plant, clays..... . . . ..... . .... . 
Height of plant, in inches ... . . . . ....... ... ..... . . 
Number of spikes ......... . .. . .. . . .. . .... .. ... .. 
N umber of grains .... ........ . 
Weight of grains, air-dry , in grams . . . . . .. . . .. . 
Weight of leaves, stems, etc., air-dry,• in grams...... . ... .... ...... . 
Weight of crop dried at C., in grams .... .... .. . ........... . ..... . ... . . ........ . 
Weight of water lost per gram of crop at 1 !0° C., in grams ..... . .. . ..... . ...... . 
W eight of roots , dried at 110° C., in second foot, in grams. 
W eight of roots , dried at l 10° C., in third foot, in grams .. 
Weight of roots, dried at ll0° C. , in fourth foot, in grams . .. . 
Weight of roots, dried at 110° C., in fifth foot , in grams . .. . 
Weight of roots, dried at 110° C., in sixth foot, in grams .. 
Total weight of roots in subsoil. .... ....... ............ . 
Average height of plants on February 28, in inches. .. . ......... . ... . .... . 
Average height of plants on March 5, in inches. 
Average height of plants on March 12, in inches .. 
Average height of pl ants on March 18, in inches. 
Average height of plants on March 28, in inches . . . . ... . . 
Average height of plants on Apri l 2, in inches... . .. . .... .... .... . . . 
Average height of plants on April in inches.... . .... . . . . . . . . . . . . ... .. . . ...... . 
Average height of plants on April 16, in inches ......... .. ... ..... . ...... . 
Average height of plants on April 23, in inches .. ... . ... .. .. ... ... . . . . . . ... . ....... . . . 
Average heiget of plants on Apri l 30, in inches ............ . ... .. . . ........ . . .. ..... .. 
Average height of p lants on May 7, in inches ....... . ... . . .. . . ..... ........ . .. .. 
Average height of plants on May 27, in inches ......... .. . ... .. ... . ...... ...... . .. . . . 
Date of death of last plant .. 
Date of opening cylinder.. . . ................ .... ..................... .. .......... . . . 
Per cent of total water in surface foo t of soil, February 5 ....... ........ . .. . . . ...... . 
Per cent of total water in subsoil , February .=:i ........ . ......... . .... . . ........ . 
Per cent of total water in surface foot on opening cylinder ........ .... ....... . ... . . . . 
Per cent of total water in subsoil on opening cylinder . . . . . . . . . . . . . . . . . . 
* The height reported is , bat of the highest green point on the plant. 
VII 
43,163 
8,162 
2,490 
5,672 
129 
21.0 
0 
0 
0 
11.1 
10.0 
567 
.034 
.034 
.036 
.054 
.053 
.211 
6.5 
9 .0 
10.5 
12.5 
12.5 
12.5 
13.5 
17.0 
20.0 
21.0 
21.0 
June 
June 
25.0 
18.0 
6.2 
VIII 
8,054 
5,376 
2,678 
129 
16.0 
3 
0 
0 
3.9 
3.5 
765 
.037 
.006 
.000 
.0 0 
.000 
.043 
6.0 
9.0 
11.0 
13.0 
14.0 
14.0 
14.0 
14.0 
14.0 
14.0 
14.0 
16.0 
June 14 
June 14 
'. 5 .0 
18.0 
6.3 
13.6 
X I 
41,121 
3,220 
2,413 
807 
93 
9.5 
0 
0 
0 
0 .6 
0.6 
Traces 
.000 
.000 
.000 
.000 
Traces 
7.0 
9.0 
9. ' 
9.0* 
9.0 
8.5 
May 9 
M ay 13 
6.2 
5.8 
xv 
4,866 
, 19 
,047 
129 
11.0 
1 
0 
0 
2.6 
2.3 
890 
.013 
.019 
.017 
.009 
.005 
.063 
10.0 
10.0 
10.5 
10.5 
10.5 
10.5 
10.0* 
10.0 
10.0 
9.5 
11.0 
June 14 
June 14 
20.0 
9.8 
5.8 
6.6 
XVII 
44,855 
3,300 
3,102 
129 
18.0 
0 
0 
5.9 
.046 
.048 
.004 
Traces 
.110 
8 .5 
9 .0 
10. ·, 
1 ·.o 
13.0 
13.0 
13.0 
14.0 
l 
17.0 
1 . . 
1 .0 
June 14 
June 14 
20.0 
13.4 
6.4 
,433 
3,588 
129 
16.5 
18 
0.70 
5.8 
618 
.0'$ 
.007 
.007 
.00 ; 
.076 
75 
8.o 
10.0 
11.0 
11. 
12.0 
12.0 
13.0 
14.0 
16.5 
June 14 
June 14 
0.1 
17.8 
6.0 
11.0 
?:, 
;l 
.,,. 
. 
i 
CJ"> 
TABLE 14.-Moisture conditions on opening cylinders with Kubanka wheat in experiment of 1910. """ 
Depth of section VII VIII 
- -
Feet Inches Per cent 
1-3 I -5.2 -5.4 I 4 I -4.9 - 4.9 1. ........ 5-6 - 4.0 -4.3 
I 7-9 - 3.3 -3.6 
10-12 I -2.2 - 1.9 
13-15 .3 .8 
I 16-18 .0 2.1 2 ........ . I 19-21 
I 
.1 4.5 I 
L 22-24 .1 5.9 
I 25-27 .1 6.3 28-30 .2 6.7 3 ...... ... I 31-33 .1 7.3 I 
L 34-36 .2 7.6 
( 37-39 .3 8.4 
I 40-42 .2 8.7 4 ......... 43-45 .2 8.7 I 
L 46-48 .1 9.3 
r 49-51 .3 9.5 
I 52-54 .2 9.7 5 ......... 55-57 .0 10.0 I 
l 58-60 .1 10.5 
61-63 .1 11.4 
6 .... .... 64-66 .1 11.9 
67-69 .1 12.3 
1-12 -3.9 -3.8 
Average .. .. 13-69 .1 8.0 
Free water 
XI xv XVII 
cent Per 
- 6.0 - 5.8 - 5.9 
-- 5.4 - 5.5 -5.0 
- 4.6 -4.8 -3.6 
-3.0 -4.1 - 3.0 
- 1.6 -2.4 -2.0 
.1 .2 .1 
.3 .2 .0 
.2 .5 .1 
.3 .4 .5 
.2 .5 .4 
.2 .8 .5 
.4 .8 .6 
.2 .6 .6 
.2 .5 .6 
.2 .4 1.0 
.1 .6 1.0 
.1 .5 1.8 
.2 .7 2.8 
.3 1.2 3.1 
.2 1.6 3.8 
.3 1.9 4.4 
.2 2.4 4.7 
3.0 4.8 
.7 3.0 4.4 
-3.8 -4.3 - 3.7 
.2 1.0 1.9 
XXII 
cent 
-6.0 
- 5.7 
· -4.9 
-3.8 
-1.7 
.5 
.4 
1.1 
1.6 
2.2 
3.2 
3.8 
4.9 
5.8 
6.1 
6.6 
7.1 
7.7 
7.8 
8.1 
8.6 
8.8 
9.0 
9.0 
-4.1 
5.4 
Hygroscopic 
coefficient 
· 9.3 
9.3 
9.3 
11.0 
11.0 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
10.1 
5.6 
;:,a 
,:! 
~ 
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CYLINDER WITH NO FREE WATER IN THE SUBSOIL.-Cylinder XI 
was filled, like XIII, with subsoil containing 5.8 per cent total 
water. The four plants in this fell behind those in the other 
cylinders at the end of the first month, making no growth after 
March 12. On March 28 thev all wilted and from this time on 
slowly died, all being dead on May 9, none having put forth a 
spike or formed a tiller. Four days later the cylinder was opened. 
The moisture conditions and the root development were almost 
identical with those in cylinder XIII of the Red Fife wheat series. 
The free water in the subsoil amounted to only 0.2 per cent, the 
same as when the seed was planted, and that in. the surface foot 
was -3.9 per cent. Only one very small root, less than two 
inches long, was found in the uppermost three-inch section of the 
subsoil; this is not shown in figure 15, having been lost. The same 
remarks are applicable to the gro,wth of the plants in this cylin-
der as to those in cylinder XIII. The amount of water lost per 
gram of dry matter produced was correspondingly high, viz, 1345 
grams. 
CYLINDER WITH 4 PER CENT FREE WATER IN THE SUBSOIL.- Cy]in-
der XV, like XIV in the previous series, was filled with moist 
subsoil containing 9.8 per cent total water or 4.2 per cent free 
water. The plants continued to grow until about March 18. On 
April 2 all were slightly wilted. Later in the month three of the 
plants began to slowly improve and on April 30 these three car-
ried 5 tillers, but the fourth plant was dying. On May 27 two of 
these three were dying, but the other had put forth a spike, and 
altho no distinct growth was made after this date, the plant still 
gave promise of forming grain as late as the evening of June 11; 
one other plant, a!tho dying, was not yet dead, but the remaining 
two were quite dead. On June 12 bo,th plants died. Two days 
later, on opening the cylinder, the moisture conditions and root 
development were found very similar to those in XIV. The free 
water in the subsoil was a little higher, 1.4 per cent against 1.0 
per cent, but was similarly distributed, rising steadily from 0.3 
per cent in the second foot to 2.8 per cent in the sixth-practically 
the wilting coefficient. 
Here, as in XIV, the plants did not die simultaneously, altho 
they all wilted for the first time on the same day. With more 
favorable weather conditions, it seems probable that grain 
would have developed in the one spike which had been put forth. 
CYLINDER WITH 8 PER CENT FREE WATER IN THE SUBSOIL.-
Cylinder XVII, corresponding to XIX in the Red Fife wheat 
series, started with 7.8 per cent free water. Three of the four 
plants grew steadily without wilting up to June 11, when they 
3 
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had put forth three spikes; the other had begun to die before 
the end of April. The high temperature of ,June 12 killed all the 
plants before any grain had formed. The moisture conditions 
I' 
I 
VIII VII XXII XVII XV XI 
Fig. 14. Kubanka wheat 77 and 123 days after planting; experiment of 
1910. 
were somewhat like those of XV but more free water remained. 
1t rose from 0.2 per cent in the second to 4. 7 per cent in the sixth 
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foot. The development of the roots was similar to that in XV, 
except that there were many more in the second and third feet 
Hnd very few in the sixth. It seems probable that under favor-
able weather conditions more or less grain would have been 
formed. It is interesting to note that in this cylinder, as in XIV 
and XV, the moisture in the second, third, and fourth feet had 
been reduced much below the wi lting coefficient. 
CYLINDER WITH 12 PER CENT FREE WATER IN THE SUBSOIL.-
Cylinder XXII differed from XVII in that the subsoil carried 17.8 
2d 
ft. 
3d 
ft . 
4th 
f t . 
5th 
ft . 
6th 
f t . 
XXII XV XI 
Fig. 15. Roots of Kubanka wheat ; experiment of 1910. 
per cent total water. Two plants in this ceased to grow about the 
middle of March and gradually declined, a ltho neither was 
actually dead even as late as June 8. Each of the other two 
plants developed 3 tillers and each produced a spike, the one con-
taining 18 grains but the other forming none. The death of both 
plants was due to the high temperature of June 12. The subsoil 
still contained much free water, which increased from 1.1 per 
cent in the second foot to 8.9 per cent in the sixth. The roots ex-
tended to the bottom of the cylinder, but those in the lower por-
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tions of the subsoil were not as numerous as those in the second 
foot. These two plants would doubtless under more favorable 
temperature conditions have continued a normal development. 
It seems probable that neither of the two plants which dropped 
out of competition early had developed roots below the second 
foot. 
Two CYLINDERS WITH MOISTER SOIL NEAR THE SURFACE.-Cvlin-
ders VII and VIII were filled like V and VI described above 
(page 61) . 
The four plants in VII made the most vigorous growth of 
all the Kubanka wheat until early in May. On May 7 they bore 
10 tillers in all and five sheaths were swelling. Ten days later 
the awns on one were showing but after this no growth was 
made, the plants slowly dying until killed by the high tempera-
ture of June 12. Roots had formed in abundance in all parts of 
the subsoil and the free water bad been exhausted. 
The plants in VIII on March 18 bad 5 tillers while in none of 
the other five cylinders had more than a single tiller appeared. 
The plants made little progress from that date until the early 
part of May when they seemed to take on new life. On June 8 
one spike was out and two other spikes were partly out, but all 
the plants appeared to be dying. On June 12 they died without 
having formed any grain. Very few roots had developed below 
the second foot and none below the third. There was an abun-
dance of free moisture in the subsoil, even more than in XXII, it 
steadily rising from 3.3 per cent in the second foot to 11.9 in the 
sixth, altho the first foot had no free water. 
MILO. 
The seed used was from a good head taken in October, 1909, 
from a field near Cuervo, New Mexico, where a very severe 
drouth had prevailed thruout the growing season. 
The series of 6 cylinders was similar in all respects to those 
employed with the wheats In each cylinder eight seeds were 
planted. On February 28, twenty-three days after planting, 
when the milo plants were from 4 to 7 inches high, the number 
was reduced to the most vigorous three in each cylinder. The
plants in the different cylinders were much alike in growth until 
March 19, when those in XII wilted somewhat during the hottest 
part of the day. On that day the number in ea.ch cylinder was 
again reduced, this time to the one most vigorous plant in each 
cylinder. The two lots of thinnings were dried and their weights 
included in those of the total dry matter reported in Table 15. 
As in the case of the wheat series, little difference among the 
plants in the different cylinders was observed during the first 
month. 
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The moisture conditions of the soil at the death of the plants 
are shown in Table 16 and in figures 7 to 11. Figure 16 shows 
the condition of the plants on April 23 and on June 8. The roots 
separated from the different foot sections of the subsoil are 
shown in figure 17. 
CYLINDER WITH NO FREE w WATERIN THE SUBSOIL.-Cylinder XII 
was filled with subsoil containing 5.8 per cent total water. The 
three plants in this cylinder wilted on March 19 and two were 
removed. During the following week the single remaining plant 
grew a little but from March 19 on it wilted every day and growth 
had ceased entirely by March 26, its condition steadily growing 
worse until May 13 when it was practically dead. It was then 
harvested and the cylinder opened. The dwarfed plant is shown 
on the left of the upper row in figure 16. As in the case of the 
corresponding wheat cylinders roots had penetrated only a few 
inches into the first foot of subsoil and in this also a slight distil-
lation of moisture seems to have taken place. The average· 
amount of moisture in the subsoil was the same as when the 
experiment was begun. In the portion of the subsoil in which 
the roots had developed, no free water remained. The amount of 
water lost per gram of dry matter produced was very large
namely, 1315 grams. 
CYLINDER WITH 4 PER CENT FREE WATER IN THE SUBSOIL
Cylinder XVI was filled with moist subsoil containing 9.8 per cent 
total water. The first signs of injury from drouth were observed 
on March 26. After this the plant made no growth but remained 
alive until killed by the high temperature of June 12. Even on 
May 27 the plant was green to a height of inches above the soil 
in the cylinder. Roots had penetrated only to the fourth foot. 
In the fifth and sixth feet none were found and in these the mois-
ture was as high as when the seed was planted. The surface foot 
was practically as dry as in any other cylinder, but the upper 
portion of the subsoil was as moist as that of XVIII and the 
lower portion was much more moist. This moist conditiou of 
the lowest foot and a half is to be attributed to the failure of 
the plant to develop roots to that depth, while the comparatively 
high percentage of moisture in the upper portion of the subsoil 
is to be attributed to the very limited development of roots in 
this portion. Under less trying conditions the plant might have 
lived for a considerable time altho it had loug ceased to make 
any growth. 
CYLINDER WITH 8 PER CENT FREE WATER IN THE SUBSOIL.-
Cylinder XVIII was filled with subsoil containing 14.1 per cent 
total water. The plant in this made a slow but normal growth 
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until the end of April when it had put forth a head part way out 
of the sheath. On May 13 it was in bloom and four days later 
showed the first signs of injury from drouth. It made no fur-
ther growth and formed but a single grain. The seed was ripe 
hut the plant was not dead on ,June 11. On the following day 
XII 
Fig. 16. 
XVI X VIII X X I III 
Milo 77 and 123 days after planting; experiment of 1910. 
the high temperature killed the plant. The cylinder was opened 
9 days later. The roots were abundant and uniformly dis-
tributed thruout the subsoil. The free water in the subsoil had 
been quite uniformly reduced, with an average of 0.7 per cent. 
CYLINDER WITH 12 PER CENT FREE WATER IN THE SUBSOIL.-
Cylinder XXI was filled with subsoil containing 18.2 per cent 
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total water. The plant in this made a somewhat more rapid 
growth than that in XVIII but the two were very similar in 
growth thruout, forming heads, blooming, and showing signs of 
injury from drouth at about the same time. Both had ripe seeds 
and were dying on ,Tune 11 but neither was yet quite dead. The 
plant in XXI bore 21 grains. These two were the only plants in 
the six cylinders that at any time gave promise of forming heads. 
In both cylinders the roots were abundant and uniformly dis-
tributed thruout the subsoil but in XXI the fine roots were more 
numerous than in XVIII. In XXI, as in XVIII, the free mois-
ture of the subsoil had been almost exhausted, there being only 
2d 
ft. 
3d 
ft. 
4th 
f t. 
5th 
ft. 
6th 
ft. 
XII XVI XVIII X XI I V III 
Fig. 17. Roots of milo; experiment of 1910. 
an average of 0.3 per cent, quite uniformly distributed, at the 
time of the death of the plant. 
Two CYLIN DERS WITH M OI STER SOIL NEAR THE SURlPACE.-Cvlin-
ders III and IV were filled, as described on page 48, with dry 
subsoil and surface soil, and then enough water was added to 
raise the total amount of water to the equivalent of 18 per cent of 
the subsoil and 25 per cent of the surface foot. During the early 
part of the experiment the two plants in these two cylinders made 
TABLE Data o.n experiment with milo in 1910. 
Weight of dry soil and subsoil in cylinder, in grams . . . ............. . 
Weight of water in soil and subsoil in cylinder, February 5, in grams .. .. ... . . . 
Weight of water in soil and subsoil at opening of cylinder, in grams ...... .. . .... ... . 
Weight of water in grams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... . 
I III I IV I XII I XVI XVIII I XXI 
--- ---- ------
42, 42,296 44,744 46,430 
7,966 7,600 3,303 4,714 6,687 8,555 
2,490 2,262 2,486 3,369 2,883 2,836 
5,476 5,338 817 1,345 3,804 5,719 
Time from planting of seed to maturity of plant, days .... .... .............. , .. . .... 
Height of plant, in inches .. . ...... . ........... .. .................... . ........ . . .. ... . 
1n 1n 1n 
34 31 14 15 28 
Number of beads........................ ....... .......... . . .. . .. . .... , ... ... 
Number of grains. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ....................... . ....... .. . . 
Weight of grain, air-dry, in grams ............... ... . .. .......... . ........ . ....... . .. . 1 
Weight of leaves, stems, etc., air-dry, in grams .. ......... . . .... ........ . ... . .. .. . . . . 
Weight of crop dried at 110° C., in grams ............ ................... . .. . . ... .. . . . 
Weight of water lost per gram of a t 110° C., in grams ..... · ... .. . .... .. . ........ . 
0 0 0 0 1 23 
0 0 0 0 0.05 0.70 
12.6 9.9 0.92 2 .0 9.4 12.7 
11.5 9.0 0.85 1.8 8.65 12.0 
476 593 1,315 747 440 477 
Weight of roots, dried at 110° C., in foot, in grams . 
Weight of roots, dried at 110° C., in 3d foot , in grams . .. .. ..... ... ........ .. . . . . ... 
Weight of roots, dried at C., in 4th foot , in grams ... .. .... . . .... .. ... . . . ... . . . . 
Weight of roots, dried at 110° C., in 5th foot, in grams ... . .................... . 
Weight of roots, dried at 110° C., in 6th foot, in grams ......... ...• ... . ............. 
.313 .257 .036 .0 56 I .061 .317 
.200 .688 .000 .028 .074 .563 
.510 .808 .000 .012 .158 .224 
.542 .633 .000 .000 .126 .097 
.437 .755 .000 .000 .124 .155 
Total weight of roots in subsoil , in grams .. .. . . ...... .......... .. . . . .... . ....... . .. . . 2.002 3.141 .036 .096 .543 1.356 
Average height of plants on February in inches ........... ... ..... . ... .. . . .... . . . 
Average height of plants on March 5, in inches ..... ...... . . . .................. .. ... . 
Average height of plants on March 12 , in inches ...... . .............. . . . .. .. .. .. .. . 
Average height of plants on March 18, in inches ......... .. ...... ... ........ . ..... . . . 
Average height of plants on March 26, in inches ...... .. ............... . .. ...... .... . 
Average height of plants on April 2, in inches . . ...... . .. .. . .. . . . . . ....... .... . . .... . . 
Average height of plants on April 9, in inches . . ....... . .. .. ... .... . . .. .. . . . .. . ... .. . . 
Average height plants on April 16, in inches . ..... . ..... . ... ..... ........ . . . ... . . . . 
Average height of plants on Apri l 23, in inches ...... . ...... . ........ ... .... .... . ... . 
Average height of plants on April 30, in inches.... ... .. . . . . . . .. . ........ . .. .... . . . . 
Average beigbt of plants on May 7, in inches. . . . . . . . . . . . . . . . . .. .. . . . .. . . . .. . .. . . . 
5.0 5.5 6.5 5.0 5.0 4.5 
9 .0 9.5 9.0 9.5 9.5 9.0 
11.5 14.0 12.0 11.0 12.0 12.0 
14.0 17.0 12.5 12.5 13.0 14.5 
16.5 20.0 14.0 15.0 16.0 18.0 
22.0 24.0 14.0 15.0 18.5 20.5 
25.0 27.5 13.5* 15.0 20.0 22.0 
31.0 13 . 15.0 22.0 24.5 
34.0 31.0 13.5 15.0 24.5 27.0 
34.0 28.5* 13.5 15.0 26.0 27.5 
32.5* 28.5 ? ? 26.0 28.0 
Date of death of last plant , 
Date of opening cylinder , • • • • • • • • • · 
May 13 June 14 May 13 June 14 June 14 June 14 
May 13 June 14 May 13 June 14 June 21 June 21 
Per cent of total water in surface foot of soil, February 5 . . . . . . ....... ... . .. . . 
Per cent of total water in subsoil, February 5 .............. . .. .. .... . . . ...... . ...... . 
Per cent of total water in surface foot on opening cylinder.. . . . .. . . . ...... . 
Per cent of total water in subsoil on opening cylinder .. ........ .. .... .. .. . . . . .. . . . . .. 
25.0 25.0 20.0 20.0 20.0 20.0 
18.0 18.0 5.8 9 .8 14.1 18.2 
8.0 6.0 6.2 6.5 7.3 7.6 
5.6 5.5 5.8 8.0 6.3 5.9 
Tbe height reported is to the highest green point on the plant. 
-1 
TABLE 16.-.Moisture conditions on opening cylinders with milo in the experiment of 1910. 
Depth of section 
Feet 
( 
I 
1. .. . ... . 
I 
l 
( 
2 ... .. . ... 
3 . ........ 
I 
L 
I 
4 . . .. . .. . . 
I 
L 
I 
5 . .. . ... .. '\ 
I 
l 
r 
6 ... .. . ... 
Average . .. 
Average .. . I 
Inches 
1-3 
4 
5-6 
7-9 
10-12 
13-15 
16-18 
19-21 
22-24 
25-27 
28-30 
31-33 
34-36 
37-39 
40-42 
43-45 
46-48 
49-51 
52-54 
55-57 
58-60 
61-63 
64-66 
67-69 
1-12 
13-69 
III 
cent 
- 5.4 
- .5 
- .3 
.1 
.1 
.3 
.3 
.3 
.2 
.2 
.0 
.0 
.0 
.0 
- .1 
.0 
- .1 
- .2 
- .3 
.1 
.0 
.0 
--2.1 
.0 
IV 
- 5.8 
-5.4 
-4.5 
- 3.6 
-2.3 
- .3 
- .2 
- .1 
- .1 
.0 
.1 
.1 
.1 
.1 
- .1 
- .2 
.0 
- .1 
- .1 
.2 
.1 
.1 
.1 
.0 
- 4.1 
.0 
Free water 
XII 
Per cent 
-6.2 
-5.2 
- 4.5 
-2.9 
-1.4 
- .1 
.0 
.3 
- .1 
.1 
.0 
- .1 
- .3 
- .1 
.1 
.2 
.2 
.3 
.5 
.5 
.5 
.5 
.7 
.6 
-3.8 
.2 
XVI 
Per cent 
-5.5 
- 4.7 
-3.5 
- 2.8 
.0 
.6 
.6 
.6 
.8 
.7 
.9 
1.3 
1.8 
2.4 
2.8 
3.4 
3 .9 
3.8 
4.3 
4.4 
4.5 
4.4 
4.7 
- -3 .6 
2.4 
XVIII 
Per cent 
-5.0 
-4.6 
-3.5 
- 1.8 
- .5 
.8 
.7 
.7 
.6 
.8 
.9 
1.0 
.5 
.8 
.7 
.6 
.7 
.7 
XXI 
cent 
-6.0 
-4.3 
- 1.6 
-- 1.3 
- .3 
.3 
.4 
.3 
.3 
.3 
.2 
.3 
.3 
.6 
.5 
.2 
.3 
.3 
.3 
.5 
.5 
.3 
.2 
.2 
-2.5 
.3 
Hygroscopic 
coefficient 
9.3 
9.3 
9.3 
11.0 
11.0 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
5.6 
10.1 
5.6 
a 
.::. 
f 
.::. 
"<:, 
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the most vigorous growth of all (see the upper row in figure 16) 
but they had completely exhausted the free water before any 
plants had put forth heads. These two were the only milo plants 
which formed any tillers. Each formed one, that in the case of 
IV being removed on March 26 and that in the case of III on 
April 16, both being less than 6 inches long. At the end of April 
both plants were already suffering seriously from drouth and 
neither showed any sign of putting forth a head. Both were in 
worse condition on May 13. There was little difference between 
the two plants at this time but that in III seemed to be in the 
better condition; the plant in this was harvested and the cylinder 
opened. That in IV was left a month longer. It was almost en-
tirely dead on June 11 and was harvested three days later, being 
then quite dry. 
The roots in both were abundant and uniformly distributed. 
The surface soil of IV contained 2.0 per cent less water than that 
of III but there was little difference in the amount of moisture 
in the subsoil-it being practically exhausted in both. If, as is 
probable, the subsoil moisture was at least as low in IV as in III 
on May 13, it is of interest that it was no lo,wer at the end of an-
other month, one of very high temperature. 
The loss of moisture from the surface foot of soil of IV which 
occurred during the last month, assuming that it was as dry as 
in III on May 13, is to be attributed almost entirely to direct 
evaporation, as the free moisture had already been entirely re-
moved. 
MEXICAN BEANS. 
Mexican pink beans, from the Sulphur Spring Valley Dry-
Farm of the Arizona Experiment Station, were planted on Febru-
ary 5 in cylinders I and II, filled as described on page 48, the sur-
face foot of soil containing 25 per cent and the subsoil 18 per 
cent total water. On February 22 the plants were thinned to 
the most vigorous two in each cylinder. On March 29 all the 
plants were in bloom, the two in I being 7 and 9 and those in II 
being 9 and 13 inches high. Many pods formed on each of the 
plants but most of these failed to fill. By April 23 leaves were 
beginning to drop from all four; the photograph ( figure 18) was 
taken on that day. On April 27 the two plants in I wilted badly 
and did not recover, both being dead on April 30. A week later 
all the leaves seemed quite dry, but the pods and stems not being 
dry the cylinder was left until May 13. The plants in II held out 
for over a week longer, wilting for the first time on May 7. They 
were dead two days later and quite dry by May 13. 
On the death of the plants, as will be seen from Table 18 and 
figure 7, there was a very uniform distribution of moisture 
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tlu·uont the five feet of subsoil, there being practically no differ-
ence even between that in the second foot and that in the lower 
part of the sixth foot. In the surface foot the moisture content 
increased rapidly from the top to the bottom. The average con-
tent of free moisture in the first foot was -1.5 per cent and in 
the five feet of subsoil 0.8 per cent. The roots were numerous 
thruout the subsoil and quite uniformly distributed, as will be 
seen from both Table 17 and figure 19. 
TABLE Data on experirnent with beans in 1910. 
Weight of dry soil and subsoil in cylinder, in grams. 
Weight of water in subsoil, F ebruary 5, in grams ..... 
Weight of water in subsoil, May 13, in grams 
Weight of water lost in 97 days, in grams . . 
Average height of plants, in inches .. 
Number of pods which produced seeds . 
Number of seeds . 
Weight of seeds, air-dry, in 
Weight of leaves, stems, and pods, air-dry, in grams 
Weight of crop, dried at ll0° C., in grams 
Weight of water lost per gram of crop, in grams .. 
Time from planting of seed to of plants, in days 
Weight of roots, dried a t ll0° C., in 2d foot, in grams . 
Weight of roots, dried at ll0° C. , in 3d foot, in grams .. 
of roots, dried at ll0° C., in 4th foo t, in . . 
Weight of roots, dried at ll0° C., in 5th foot, in grams 
Weight of roots, dried at ll0° C., in 6th foot, in grams 
Total weight of roots in subsoil , in grams 
Date of death of last plant .. 
Date of opening cylinder . 
Per cent of total water in surface foot of soil , February 5 . . .. . 
P er cent of total water in subsoil, February 5 . . .... ... ...... . 
Per cent of to tal water in surface foot on opening cylinder 
Per cent of total water in subsoil on opening cylinder .... . 
I 
43,593 
8,220 
2,849 
5,371 
8 
3 
14 
2.24 
5.25 
6.92 
776 
97 
.063 
.073 
.084 
.091 
.074 
.385 
Mayl3 
Mayl3 
25.0 
18.0 
7.5 
6.4 
II 
44,102 
8,333 
2,967 
5,366 
ll 
4 
14 
2.77 
5.10 
7.10 
756 
97 
.082 
.081 
.ll8 
.lll 
.094 
.486 
Mav 13 
13 
25.0 
18.0 
7.6 
6.6 
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TABLE Moisture conditions on opening cylinders with beans, 
experiment of 1910. 
Total water 
I 
Free water 
I II I I II 
I 
Depth of section 
Feet Inches Per Per cent cent 
( 1-3 3.1 3.5 - 6.2 -5.8 
I 4 4.5 4.5 - 4.8 -4.8 I 
.. .... . j 5-6 5.6 5.5 - 3.7 -3.8 
I 7-9 9.8 9.6 - 1.2 -1.4 
\ 10-12 12.1 12.3 1.1 1.3 
I 13-15 6.4 6.5 0.8 I 0.9 
I 16-18 6.3 6.5 0.7 
I 
0.9 2. ... .. . . 19-21 6.3 6.4 0.7 0.8 I 
I 22-24 6.4 6.5 0.8 0.9 
r 25-27 6.3 6.4 0.7 0.8 
I 28-30 6.1 6.3 0.5 0.7 3 ..... . . . . 31-33 6.3 6.1 0.7 0.5 I 
l 34-36 6.2 6.3 0.6 0.7 
( 37-39 6.3 6.4 0.7 0.8 
I 40-42 6.3 6.3 0.7 0.7 4 ... . ... 43-45 6.4 6.4 0.8 0.8 I 
l 46-48 6.3 6.3 I 0.7 0.7 r 49-51 6.3 6.2 0.7 0.6 
I 52-54 6.3 6.3 0.7 0.7 5. . . . . .. 55-57 6.5 6.3 0.9 0.7 I 
l 58-60 6.5 6.4 0.9 0.8 
( 61-63 6.5 6.3 0.9 0.7 
6. ....... 64-66 6.7 6.4 1.1 0.8 
l 67-69 6.7 6.3 1.1 0.7 
Average . . . . 1-12 7.5 7.6 -2.6 - 2.5 
Average ... . 13-69 6.4 6.3 0.8 0.7 
The total moisture in the subsoil at the death of the two plants 
was 6.4 a nd 6.3 per cent respectively, being 1.8 and 1.9 per cent 
below the wilting coefficient. It seems improbable that this large 
amount of water was removed between the time that the plants 
wilted permanently and the time that the cylinders were opened. 
SUMMARY OF EXPERIMENT OF 1910. 
The subsoil of the two unplanted cylinders at the beginning 
of the experiment held nearly twice as much water as the same 
subsoil would have retained under field conditions. The surface 
foot of soil, however, was not wetter than it might have been 
found in the field after a period of wet weather. The loss of 
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water during the 97 days of the experiment was equivalent to not
more than two inches of rain and was confined chiefly to that in 
the surface foot. 
The plants in all the cylinders evidently died from lack of 
sufficient soil moisture. The slow dying of many was· cut short 
by a temperature of 124° F., which, altho not fatal in itself, 
caused such a rapid transpiration that water could not be ab-
sorbed rapidly enough to meet the requirements because of tbe 
small amount of free water in the portions of the subsoil where 
there was an extensive development of roots. The plants were 
already dead or dying in all the cylinders except one of Red 
Fife wheat and two of Kubanka wheat. 
In their ability to exhaust the soil moisture before dying, the 
four different crop plants showed little difference, but in their 
ability to continue alive after first showing serious injury from 
droutb they showed marked differences. The interval between 
wilting and death in the case of beans amounted to only a few 
days but in that of milo and wheat it extended to many weeks. 
Where there was a well-developed root system and no remark-
ably high temperature occurred before the death of the plants, 
the moisture content of the soil was reduced almost to the 
hygroscopic coefficient. 
Plants in the same cylinder wilted and died independently of 
one another and simultaneous wilting was not followed by simul-
taneous death. 
Plants started in cylinders with comparatively little free 
water in the subsoil lived longer than some started in cylinders 
with a very moist subsoil. 
The plant roots did not penetrate the subsoil where this con-
tained practically no free water and penetrated very slowly 
where the water content was only a little above the wilting co-
efficient. While there appeared to be a close connection between 
the early development of the plants in the different cylinders and 
the quantity of roots in the subsoil, there was little connection 
between the quantity of roots and the final development of the 
plants. Where roots were uniformly distributed, there was a 
uniform loss of free water from the different levels, but where 
the development of roots was markedly lacking in uniformity 
there were distinct differences in the loss of free water. 
In one cylinder the removal of the aerial portions of the most 
of the plants, after the i·oot system had been fully developed and 
the soil moisture so reduced that further root development could 
not take place, proved of little or no benefit to the remaining 
plants. 
Calculated to an acre basis the yield of grain was below 6 
bushels per acre except in the case of beans, where it exceeded 
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1,000 pounds. In t he production of total dry matter the milo made
the most economical use of the water, but in t hat of seed t he beans 
made much the most economical use; but if the cylinder had car-
ried several times as much soil, thus giving each plant much more 
water, the latter might not have been the case. The yield of total 
dry matter in the case of these cylinders with an initial water 
content similar to what might be expected to the same depth and 
in t he same type of subsoil in oummer fallowed fi elds vari ed from 
500 to 4,000 pounds per acre. The portion of th e free water in the 
surface foot of soil at th e t ime of planting the seed had much less 
Fig. 18. Mexican bean s 77 days after p lanting; experiment of 1910. 
effect on the production of dry matter than had an equal amount 
in the subsoil. 
A very hard crust form ed below the mul ch in all the planted 
cylinders. 
EXPERIMENT WITH L OE SS SOILS F ROM DI FFER E NT PARTS OF 
THE TR ANSITION R E GION. EXPERIMENT OF 1911. 
Loess forms the chief surface deposit of more than half of 
Nebraska, occurring over the whole eastern end and extending 
westward for more than 300 miles. The different parts of this 
formation have heen exposed to comparatively uniform tern-
Barbour, E. H . Nebraska Geological Survey, vol. 1, 1903, p. 169. 
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perature conditions but to great differences in precipitation if 
we assume that since the close of the glacial epoch there has been 
but little change in the climate of what is now Nebraska. In the 
extreme eastern part the normal precipitation is over 30 inches, 
while in the southwestern corner it is less than 20, there being a 
gradual decrease from east to west as shown on the accompany-
ing map. While the precipita.tion decreases from east to west, 
there is a rapid rise in the rate of evaporation. As the precipita-
tion falls chi efl y during the growing season there is but little 
II 
Fig. 19. Roots of Mexican 
beans; experiment of 1910. 
seepage from the level prairies in the eastern portion and practi-
cally none from those in the western. Uniformity in physical 
properties has long been recognized as characteristic of the Ne-
braska loess and a recent chemical study1 has shown that, except 
in the content of calcium carbonate, which increases from east to 
west, the chemical composition is very uniform. 
Field studies of soil moisture had indicated that there was a 
1 Alway, F. J. Composition of the Loess Soils of the Transition Region. 
Eighth International Congress of Applied Chemistry, 1912, Report of 
Section VII, p. 11. 
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considerable difference in the rooting habits of some crop plants 
between the eastern and the western portions of the loess in Ne-
braska. and to determine whether there was a gradual change 
from wes t to east this experiment was carried out in 1911. The 
location of the places where the soils were secured are indicated 
on the map in figure 20. At each of the five places an excavation 
was made and about 150 pounds of soil taken from each of the first 
6 feet. These bulk samples were shipped to the Experiment Sta-
tion where each soil, in dry condition, was reduced to a fine state 
of division and mixed by passing it severa l times thru a one-
eighth-inch screen as previously described (page -17). This screen-
ing at the same time served to remove nearly all the roots. Three 
cylinders were filled with the soils from each of these places. 
/8 
o 
of 
_ 
__ _ 
Fig. 20. Map showing the loess region of Nebraska (unshaded) and the 
sources of the samples used, as well as the normal annual precipita-
tion and evaporation. 
Besides the 15 cylinders mentioned, 8 others were used in the 
experiment. Six were filled with the same H O soils used in 1910, 
but instead of keeping the upper and the lower half of the surface 
foot separate the previously unused portions of these were mixed 
and used as one lot of soi l. The hygroscopic coefficient was found 
to be practically the same as the average of the two parts used 
in 1910. These 6 are referred to as the H O cylinders. T'he sur-
face 6 inches of so·il from a field from the Experiment Station 
Farm was used to fill two cylinders which are referred to as those 
of Surface Soil. 
The hygroscopic .coefficients of the soils used are given in Table 
19. The numbers given for the HO soils and for the surface soil 
are the averages of a large number of determinations, and _those 
for the others are the averages of three determinations made on 
different days. 
Relation of Nonavailable W ater to HygroscopicCoefficient 81 
82 Research Bulletin No. 3 
TABLE 19.-Hygroscopic coefficients of soils used in the experi-
ment of 1911. 
Depth, I Surface 
foot HO Wauneta McCook Holdrege Hastings Lincoln soil 
---
1 10.0 9.2 9.4 10.1 10.7 12.1 11.3 
2 5.6 9.5 11.0 11.7 13.2 15.3 11 .3 
3 5.6 9.9 9.6 12.0 11.7 14.6 11.3 
4 5.6 10.1 9.0 10.6 11.5 13.2 11.3 
5 5.6 9.5 8.8 9.7 10.8 13.2 11.3 
6 5.6 8.6 8.4 9.6 10.5 13.5 
Average. 6.3 9.5 9.4 10.6 I 11.4 13.6 11.3 
The 23 metal cylinders, 6 feet long and similar in all re-
spects to those employed in the preceding two years, were filled 
with dry soil as in the earlier experiments, then saturated with 
water and drained ·as described above (page 32). The loess soils, 
especially those from the more easterly portions of Nebraska, con-
tain so much clay and fine silt and, accordingly, are so· easily pud-
dled when worked in a wet condition that it was not considered 
advisable to attempt to• add the water to the different foot sec-
tions of soil before introducing these into the cylinders. Seven 
eylinders were planted to Red Fife wheat, 7 to Milo 6 to Mexiean 
pink beans, and 2 to maize. Into one cylinder young mesquites 
were transplanted. After planting the seeds, a one-inch layer of 
dry soil was added to the surface and the cylinders sunken in a 
pit in the greenhouse as in the preceding year. The general ar-
rangement of the cylinders is shown in figure 21. 
The records of the daily maximum and mean temperatures as 
well as of the humidity and the evaporation from a free water 
surface are given in T'ables 2 to 5. No whitewash was used on 
the windows of the greenhouse. Altho much better ventilation 
was provided the temperature was very high, the daily maximum 
being below 100° F. on only 7 days between May 15 and July 24, 
the da,te when the last plant died. On July 5 the maximum tem-
perature out of doors was 1.10° F., while inside the greenhouse it 
was 130° F. These high temperatures hastened the death of many 
of the plants. 
The same precautions were observed as in the preceding two 
years regarding/ the formation of crevices between soil column 
and cylinder wall. 
As soon as the plants died they were removed from the cylin-
ders and t.he weight of dry matter determined. In most cases the 
cylinders were at once opened and the soil moisture determined. 
The roots were separated from the surface foot as well as from 
the subsoil, photographed, dried, and weighed. 
Relation of Nonavailable Water to Hygroscopic Coefficient 83 
A summary of the moisture conditions in the different cylin-
ders and of the crops is given in Table 20, and figure 21 shows 
the cylinders near the close of the experiment. The moisture con-
ditions on the death of the plants are shown in figures 22 to 28. 
TABLE 20.-Oylinders used in the experiment of 1911. 
Designation 
Total water Date of Date of Cylinder Crop at time of death of last opening of No. planting, plant cylinder 1 to 6 feet 
Per cent 
78 HO . . .. · .... Red Fife wheat . 27.1 June 17 June 22 
79 HO ........ Milo ........ . 25.2 May 30 May 30 
77 HO .. . ..... Mexican beans. 25 .8 May 5 May 6 
24 HO ...... Maize . . ....... 24.3 May 30 May 30 
76 HO .. Maize ... . ..... 25.1 May 30 May 30 
25 Wauneta ... Red Fife wheat. 30.9 July 7 July 7 
26 Wauneta ... Milo . . . ' .. . 30.2 July 5 July 7 
27 Wauneta. Mexican beans. 29.2 June 8 June 22 
30 McCook .... Red Fife wheat. 31.4 July 12 July 12 
29 McCook .... Milo . .... 31.1 July 24 July 28 
28 McCook .... Mexican beans. 30.7 July 18 July 18 
72 Holdrege ... Red Fife wheat. 34.4 June 26 June 26 
71 Holdrege .. . Milo .......... 32.3 July 24 July 28 
31 Holdrege . . . Mexican beans. 32.5 May 18 May 31 
75 Hastings ... Red Fife wheat. 35.1 July 18 July 18 
74 Hastings ... Milo ..... 34.5 July 5 July 7 
73 H astings ... Mexican beans. 34.6 June 6 June 22 
82 ..... Red Fife wheat. 35.9 June 27 June 27 
83 Lincoln ... .. Milo . ... . . . . 36.9 April 29 May 6 
84 
. .. 
Mexican beans . 36.4 June 27 
I 
June 27 
80 Surface ..... Red Fife wheat. 38.1 July 12 July 12 
81 Surface ..... Milo ... .. .. ... 37.7 June 20 June 21 
RED FIFE WHEAT. 
On February eight sprouted seeds were planted in each of 7 
cylinders. Four days later all the plants had appeared above the 
surface and during the next two weeks they were thinned to 4 to 
a cylinder. Up to April 11 there were no very marked differences 
between the plants in the 7 cylinders. All were alive and ap-
peared healthy on April 15 except in the IIastings cylinder, 
where one plant was dead, and in the Lincoln cylinder, where 
one plant was dying. On this date the plants in the Lincoln 
cylinder and in the cylinder of surface soil were considerably 
less thrifty than those in the 5 others. On April 30 there was one 
dead plant in each of the McCook, Holdrege, and Hastings cylin-
ders and two in the Lincoln cylinder. Spikes were forming in all 
except that of surface soil. In vigor the plants seemed to decline 
in the following o,rder: H 0, Wauneta, McCook, Holdrege, Has,t-
ings, Surface Soil, and Lincoln. Those in the H O cylinder closely 
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resembled those in the Wauneta and those in the cylinders of 
Holdrege and Hastings soil were very similar. The plants in Lin-
coln soil were in very bad condition, appearing to be seriously 
suffering from drouth. During the next month none of the plants 
made any progress and all were injured during the first week of 
June with its continued high temperature. The general conditions 
on May 27 may be seen from figure 21. None of the plants had 
died si.nce those recorded on April 30 but many were dying by 
J une 9. 
The plants in the HO cylinder were all dead on June 17; only 
one spike had formed and that bore no grain. On June t he 
plants in the Holdrege cylinder were dead, having formed only 
one spike and this being barren. On the next day the plants in 
the Lincoln cylinder were all dead. The extremely unfavorable 
weather during the last week of ,Tune and the early part of July 
caused the remaining plants to die rapidly, all being dead by 
July 18. A single spike-on a plant in the Wauneta cylinder
formed grain. Additional data on these wheat plants are given 
in Table 21. 
-t...._ 
I 
I 
Fig. 22. F inal moisture conditions in cylinders of H O soil. 
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Fig. 23. Final moisture conditions in cylinders of Wauneta soil. 
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Fig. 24. Final moisture conditions in cylinders of McCook soil. 
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0 
. 
0 I ' 1\1 
z 
0 
~ 0 
0 
! i: 
0 I 0 0 z I 0 -I 
I 
; \ I 
I 
I I 
0 10 15 30 
O I S T U TE NT CI':""' T 
Fig. 26. Final moist ure conditions in cylinders of Hastings soi l. 
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Fig. 27 . Final moisture conditions in cylinders of Lincoln soil. 
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Fig. 28. Final moisture conditions in cylinder s of surface soil. 
TABLE 21..- Data on experiment with Red Fife wheat in 19l1. 
HOSoil Wauneta McCook Holdrege Hastings 
Weight of dry soil in cylinder, in grams . .. . ... . . .. ... 44,679 44,622 43, 148 42,156 41,248 
Weight of water in soil on February 20, in grams. 11,850 13,494 13,239 14,146 14,118 
Weight of water in soil on opening cylinder, in grams .. 7,238 6,827 8,802 9,274 8,043 
Weight of water lost, in grams . . . . . . . . . . . . . . . . . . . . 4,612 6,667 4,437 4,872 6,075 
Time from planting seed to death of last plant, in days 107 127 132 116 138 
Av. height on June 17 of plants with heads, in inches .. 10.5 15.0 11 .0 14.0 14.0 
Number of spikes ..................... ... .......... 1 5 4 1 3 
Number of grains .. .. ....... . . ... . ... .......... 0 14 0 0 0 
Weight of grain, air dry, in grams ............ 0 0.324 0 0 0 
of crop, dried at 110° C., in grams ... .. .. . . . 2.0 6.9 4.2 3.8 6.1 
Weight of water, lost per gram of crop, in grams ...... 2,306 966 1,056 1,282 996 
Weight of roots, at 110° C., in 1st foot, in grams .. . . 0.056 0.154 0.237 0.209 0.231 
Weight of roots, at 110° C., in 2d foot, in grams .... . 0.003 0.099 0.016 0.119 0.010 
Weight of roots, at 110° C., in 3d foot, in grams . . ... 0.003 0.008 0.014 0.006 0.006 
Weight of roots, at 110° C., in 4th foot, in grams. 0.003 0.013 0.014 0.004 0.023 
Weight of roots, at 110° C., in 5th foot, in grams . Traces 0.008 0.002 0.002 0.022 
Weight of roots, at 110° C., in 6th foot, in grams . 0.001 0.006 0.003 0.001 0.006 
Total weight of roots in the 6 feet, in grams. 0.066 0.288 0.286 0.341 0.298 
Total weight of roots below surface foot, in grams . .. 0.010 0.134 0.049 0.132 0.067 
Date of death of plant . .. .. .. . .. . . . .. . .. .. .. . . . . ... June 17 July 7 July 12 June 26 July 18 
Date of opening cylinder . . . . . . . . . . . . . . .. .. June 22 July 7 July 12 June 26 July 18 
Per cent of total water in soi l of cylinder, February 20 27.1 30.9 31.4 34.4 35.1 
Per cent of total water in surface foot on opening cylinder 8 .0 5.2 5.0 5.9 5.5 
Per cent of free water in surface foot on opening cylinder -2.0 -4.0 -4.4 -4.2 -5.2 
Per cent of total water in 2- 6 ft . on opening cylinder . . 17.9 17.3 23.5 25.2 22.3 
Per cent of free water 2- 6 ft. on opening cylinder .. 12.3 7.8 14.l 14.5 10.8 
. I Surfac 
Lmcoln Soil 
--
34,841 
11,963 
9,651 
2,312 
117 
14.0 10.0 
1 2 
0 0 
0 0 
1.8 2.2 
1,284 2,098 
0.054 
0.008 0.043 
0.000 0.006 
0.000 
0.000 0.000 
0.000 0.000 
0.062 0.064 
0.008 0.049 
June 27 July 1: 
June 27 July 
35.9 38.1 
6.0 5.7 
-6.1 -5.6 
32.1 26.0 
18. l 14.7 
e 
TABLE 22.- Free water on opening cylinders with Red Fife wheat in 1911. 
Depth of section HO Soil Wauneta McCook Holdrege Hastings Lincoln Surface Soil ?:1 
Feet inches Per Per cent I 'er cent Per cent Per cent Per cent Per cent 
( 1-4 -6.2 - 6.0 - 6.3 -6.7 - 7.4 -8.2 
I 5-6 - 5.0 - 4.9 -5.3 - 5.4 - 6.1 -7.4 - 7.2 l . . ... . ... 
I 7-9 -1.2 -3.5 - 4.0 -3.9 - 5.4 -5.5 -5.7 
l 10-12 4.3 - 1.7 -1.9 -1.0 -1.9 - 2.8 -0.9 
13-15 6.7 - 0.4 2.6 1.2 1.0 0.9 
I 16-18 7.5 I 0.6 8.1 7.7 2.2 1.8 0.8 2 . ......... 19-21 7.8 0.8 10.9 11.5 2.7 3.7 0.7 I 
22-24 8.4 1.9 13.1 13.2 2.8 9.5 1.9 
I 
25-27 8.8 5.4 12.4 12.2 14.7 2.5 
I 28-30 8.9 7.3 12.6 12.8 3.5 14.8 3.3 3 . . .... 31-33 9.1 8.7 12.7 12.9 8.5 16.3 7.3 
34-36 9.8 9.5 12.6 13.5 12.4 16.2 12.8 
37-39 10.1 9.4 14.2 14.6 13.1 18.6 17.0 r 
I 40-42 11.1 9.7 15.2 14.6 13.3 19.4 19.3 4 .... .. . . .. 43-45 12.1 10.1 15.5 14.6 13.4 19.9 20.4 il:l I 
l 46-48 12.8 10.1 15.5 14.9 13.6 19.9 21.6 
I 49-51 13.4 10.4 16.2 15.8 14.5 20.1 22.2 I 52-54 14.7 10.1 16.6 16.5 14.8 22 .1 22.5 5 ... . ..... '-:, 55-57 15.5 10.4 17.2 16.8 15.3 23.2 23.0 I 
I 58-60 16.7 10.7 18.5 17.6 I 15.5 25.1 23.4 
( 61-63 16.2 11 .6 16.9 18.6 16.4 25.6 23.5 
I 64-66 18.2 9.7 16.5 19.4 16.3 29.4 23.5 6 ... . . .... 67-69 19.2 9.6 18.2 19.9 16.7 31.2 23.8 I 
70-71 19.5 9.7 18.2 21.5 17.6 32.4 24.2 
Average 1-12 - 2.0 -4.0 -4.4 -4.2 -5.2 -6.1 - 5.6 
Average 13-71 12.3 7.8 14.2 14.5 10.8 18.1 14.7 00 
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'l'he crevice between soil column and cylinder wall extended 
to 6, 15, 6, 6, 24, 18, and 23 inches, respectively, in passing from 
the western to the eastern soils, but it was found well filled in 
the first four and filled to a depth of 12 inches in the other three. 
Roots penetrated to the sixth foot in all the cylinders except 
the Lincoln and the Surface Soil, but were very few in number 
below the surface foot, as may be seen from Table 21 and figure 
29. The Wauneta and the Hastings cylinders showed the most 
extensive root development. 
The moisture conditions on the death of the plants are shown 
in Table 22. An abundance of free moisture was present at some 
depth in each cylinder, the moist soil extending upwards from 
the bottom. In every cylinder, however, the free moisture was 
practically exhausted from that portion of the soil in which roots 
had been freely developed. This is evident from a comparison of 
figure 29 with Table 22. This very close connection between the 
root distribution and the exhaustion of free water existed in the 
case of the foot sections and still more closely in that of the 
three-inch sections,; altho the roots were not separated and 
weighed from the three-inch sections their abundance in these 
sections was recorded at the time of opening the cylinders. 
While the plants all died from want of water, they did so 
with plenty of water just beyond the soil depths in which the 
roots were freely developed. The slight development of roots in 
the moist soil was evidently not sufficient to supply the plants 
with water rapidly enough to maintain life under the extremely 
unfavorable temperature conditions to which they were exposed. 
MILO. 
On February 20, six milo seeds, were planted one inch deep 
in the moist soil in each of the 7 cylinders. Three days later the 
plants appeared above the surface. At the end of two weeks 
the number in each cylinder was reduced to the one most vigor-
ous plant. 
All did about equally well during the first seven weeks after 
planting, altho the plants on the H O and Wauneta soils were 
somewhat the tallest at the end of that time. The plant in the 
Lincoln cylinder died during the second week in April. On all 
the surviving plants heads were appearing by the middle of April 
and by the end of the month all were in bloom and appeared 
fairly vigorous. No tillers formed on any of the plants but 
branches formed on some. On May 6 a branch from 2 to 6 
inches long had appeared from the second axil of each of the 
plants in the Holdrege and Hastings cylinders and from both the 
second and the third axils of the plant in Surface Soil but there 
ft. 
2d 
ft. 
4th 
f t. 
5th 
ft. 
6th 
ft. 
HO • Wauneta McCook Holdrege H astings Lincoln Surface soil 
Fig. 29. Roots of Red Fife wheat; experiment of 1911. 
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Fig. 30. Milo 96 days after planting; 1, H O; 2, Wauneta, 3, McCook: 
4, Holdrege; 5, Hastings; 6, Surface soil. 
1st 
f 
2d 
ft. 
3d 
4th 
ft . 
5th 
f t. 
ft. 
HO Wauneta McCook Holdrege Hastings Lincoln soi l 
Fig. 31. Roots of milo, experiment of 1911. 
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was no sign of branching in the case of the plants in t he H 0 , 
Wauneta and McCook cylinder s. From that time on there was 
much less uniformity in the development of the plants in the 
differ ent cylinders. 
Figure 30 shows the condition of 6 of the plants on May 27, 
when they bad all reached their full development; that on Lin-
coln soil had died and bad been r emoved a month before. Table 
23 gives the data on the experiment a nd Table 24 shows the 
moisture conditions. The distribution of roots is shown in 
figure 31. 
On t he H O soil the plant matured one head and died without 
putting forth any branch. By May 18 the leaves were all dead 
but the seed was slightly soft. Twelve days later the grain was 
hard and the entire plant dead and quite dry. The plant (fig. 
30) bad formed a good head bearing 308 seeds. The cylinder was 
opened t hat day. 'l'he r oots were abundant and uniformly dis-
tributed ( fig. 31 and Table 24 tbruout the subsoil. The free 
water in the surface foot had fallen to - 2.9 while that in the 
subsoil bad been uniformly reduced to 0.7 per cent, 1.9 per cent 
below the wilting coefficient. 
The plant in the ·wauneta cylinder put forth a branch soon 
after May 6 but by May 18 this had ceased to grow, being t hen 
3.5 inches lon g. On May 30 the seed was practically ripe and 
the leaves of the main st alk were dead but the branch was still 
quite green. The latter continued alive until July, thruout June 
gradually dying back from the tip. Even after the first adverse 
days of ,Tuly it showed some signs of life, but was quite dead 
on ,July 5. The size of the branch is shown in figure 30, taken on 
May 27. The development of this branch, which had a long, 
lease of life after the main stalk died, is the only point in which 
the development of the plant in the Wauneta cylinder dif-
fered markedly from that in the H O cylinder . Like the latter 
it formed a good head and this bore 319 seeds. The cylinder was 
opened two days aft er the death of the plant The distribution 
of roots r esembled that in the H O cylinder. The free water in 
the surface foot had been reduced to -3.8 per cent and in t he 
subsoil to approximately zero. 
The plant in t he McCook cylinder differed but little in de-
velopment from that in the Wauneta cylinder. It formed a 
hranrh at the same time as the latter and this on May 13 was 
8.0 inches long, and on May 30, when it had three leaves, it was 
9.5 inches long (fig. 30), after which it cea:;ed t o make any ap-
preciable growt h. On May 30 the seed was ripe but all t he rest 
of the plant, except t he lowest leaves, was green. On June 17 all 
the leaves except those on the bra nch were dead, but the branch 
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was still alive and none of its leaves showed signs of injury from 
drouth. Even the adverse conditions of the first week in July
failed to kill the branch, but from that time on it gradually died. 
On July 24 it was quite dead and the plant was harvested, it 
bearing 190 seeds. The. cylinder was opened four days later. The 
root distribution was similar to that in the two cylinders just 
described. The surface foot contained -3.6 per cent free water 
and the subsoil an average of -0.6 per cent, the latter being 
quite uniformly distributed when it is considered that the sub-
soil consisted of five different soils. 
The plants in the Holdrege and Hastings cylinders were very 
similar in their development. On May 6 both had formed 
branches, 3 and 2 inches long respectively. On May 30 the plants 
were still quite green and on each the first head was ripe and a 
second, formed on the branch, was in bloom (fig. 30 4 and 5). 
The second he.ad on each was ripe by the end of June and the 
plant in the Hastings cylinder was dead by July 5, while the 
other was not entirely de.ad until July 24. In the case of each 
the first head bore a fair amount of seed, ·142 and 177 grains 
respectively, while the heads on the branches bore only 2 and · 3 
kernels. Roots in both cvlinders were abundant thruout the 
subsoil. The surface foot contained less than -3.0 per cent free 
water and the subsoil in both contained practically none. 
On April 15 the plant in the Lincoln cylinder, not yet having 
put forth a head, was seen to be dying, altho on the day before 
it had shown no injury. Two days later it was dead and quite 
dry, the whole plant remaining as green as tho it had been cut 
off and dried in the sun. It was evident that the sudden death of 
this plant was due to some other cause than lack of moisture 
in the soil and this view was confirmed by the moisture data ob-
tained when the cylinder was opened on May 6. There was an 
abundance of free water in the fifth and sixth feet and from 
3 to 5 per cent even in the second and third feet. The moisture 
content of the second and third feet was, however, from 2 to 
3 per cent be.low the wilting coefficient while that of the upper 
three-fourths of the fourth foot was at the wilting coefficient. 
Roots extended to the bottom of the cylinder, but were not 
numerous below the fourth foot. 
TABLE Data on experiment with milo in 1911. 
HO Soil Wa une ta 
Weight of dry soil in cylinder, Jn grams .................. .. . .. . 44,963 
I Weight of water in soil on February 20, in grams .............. 10,956 Weight of water in soil on opening cylinder, in grams ... . ... . .. 2,878 
Weight of water lost, in grams ...... ...... .............. ....... 8,078 
Time from planting seed to maturing or deat h of plant, in days 99 
H eight of plant, in inches . ... . ........ . ......... . . . ...... . . . .. . 39 .5 
Number of heads . . .. .. .. ... .. . . ... ... ................ , .. .. .... 1 
Number of seeds ... ...... ........ ...... . ... . .. . . .. . . . . . . .. , .... 308 
Weight of seeds, air-dry, in grams .. ... . ..... ........ ... .. . . .... 8.03 
Weight of stalks, leaves, e tc., air-dry, in grams ........ .. . . ... . 17.0 
Weight of crop, dried at 110° C., in grams . . .. . .. .. ......... 22.80 
Weight of water lost per gram of crop at 110° C., in grams .. .. 354 
Average weight of seed, air-dry, in grams ... .. ....... . . .. . ..... .02G 
Weight of roots , at 110° C., in 1st foot, in grams ... ... . . . . . . . . 2.21 
Weight of roots, at 110° in 2d foot, in grams .......... .... .22 
Weight of roots, at 110° C., in 3d foot, in grams ......... . . ... .27 
Weight of roots , at 110° in 4th foot, in grams ........... . . . .21 
Weight of roots, at 110° C. , in 5th foot, in grams . . ... . . ...... . .19 
W eight of roots , a t 110° C ., in 6th foot, in grams .. .. ... . .. ... . .32 
Total weight of roots in the 6 feet, in grams ... .... .... .. . . . ... . 3.42 
Tota l weight of roots below the first foot, in grams .. . . . ...... .. 1.21 
Height of plant on April 15, lo inches .. ..... ..... . ........ . ... . 33 
H eight of plant on April 20, in inches .. .. . . . . .. . . . . . . . .. . . ... 37 
H eight of plant on Apri l 29, in inches .. . . . ... ... ........ . .. . .. 39.5 
Date of death of pla nt ... .. . ........ , . ...... .. . ...... ... ... ..... May 30 
Date of opening cylinder .. .. . ... . ........ .. . ..... .. . ......... M ay 30 
P er cent of total water in soil of cylinder,* F ebruary 20 . ... . . . 25.2 
Per cent of total water in surface foott on opening cyli nde r ... . .1 
P er ceLt of free water in surface foot on opening cylinder ... . .. - 2.9 
P er cent of total water in 2-6 ft. on opening cylinder .. . .... .. . . 6.3 
Per cent of free water in ft. on opening cylinder .... .. .... . . 0.7 
* This refers to all the soil below the surface mulch of air dry soil. 
t This refers t o the whole of the surface foot, including the mulch. 
44,026 
13,012 
3,772 
9,240 
135 
36.5 
1 
319 
11.10 
14.7 
23.49 
393 
.035 
.93 
.31 
.21 
.13 
.21 
.29 
2.08 
.115 
26 
34 
37 
Jul y 5 
July I 
30. 2 
5.4 
- 3.8 
9.4 
-0.1 
McCook H oldrege 
43,630 42,553 
13,267 13,437 
3,621 4,255 
9 ,646 9, 182 
154 154 
32.5 28.2 
1 2 
190 144 
7.10 4.83 
14.5 15.6 
19.66 18.59 
481 484 
.037 .034 
1.87 2.89 
.22 .lG 
.22 .07 
.25 .08 
,10 .20 
.08 .31 
2.74 3.71 
0 .87 .82 
19.5 21.5 
30.0 25.0 
32.5 28 .5 
Ju ly .Ju ly 24 
July 28 July 28 
31.1 32.3 
5.8 6.7 
- 3.6 
8 .8 10.6 
-0.6 - 0 .1 
H astings Lincolu 
41,163 35,749 
13,863 12,304 
4 ,404 7,543 
9,459 4,761 
135 68 
27.5 19.0 
2 1 
180 0 
5.94 0 
15.9 11.90 
19.99 10.88 
473 438 
.033 .... 
3.32 1.42 
.13 .04 
.13 07 
.18 .09 
.23 .01 
.12 .01 
4.11 
.79 .22 
21.5 19.0 
24.5 . ... 
28.0 .... 
Jul y 5 April 29 
.July 7 May 6 
34.5 36.9 
G.7 9.5 
- 2.6 
11.5 23 .4 
0.0 9.4 
Surface 
Soil 
34,756 
12,360 
5,920 
120 
19.0 
2 
5 
0.165 
16.5 
15.07 
427 
.033 
1.51 
.05 
.03 
.03 
.04 
... . 
1.66 
.15 
19.0 
19.5 
19.5 
June 20 
June 21 
37.7 
6.8 
19.1 
7.8 
5: 
ii;' 
TABLEFree water on opening cylinders with milo in the experiment of 1911. 
Depth of se.ction HO Soil Wauneta McCook I Holdrege Hastings Lincoln Surface Soil 
--
Inches cent .Per ce111 Per cent cent Per cent 
r 1-4 - 5.2 -6.3 -6.0 -6.1 -7.2 -7.3 -7.9 
I 5-6 -3.5 -4.5 -3.8 -4.1 - 4.3 -5.3 -6.0 
. .. 7-9 -1.5 -2.7 -3.1 - 2.5 -3.2 -1.1 - 3.5 
10-12 -1.3 -1.5 -1.5 -1.0 -1.2 3.3 -0.7 
13-15 -0.1 -0.7 -0.3 0.1 0.4 2.8 
I 16-18 09 0.3 -0.4 0.3 1.0 3.8 2.6 2 19-21 0.6 0.5 -0.5 0.1 1.0 4.2 1.5 I 
l 22-24 0.8 0.6 -0.4 0.3 1.1 3.7 1.2 
r 25-27 0.8 0.1 -0.7 -0.1 0.5 4.4 1.8 
I 28-30 0.8 0.0 --0.5 -0.3 0.4 3.0 2.3 3 ' . . .. ' 31-33 0.7 0.1 -0.7 -0.3 0.4 3.1 2.9 I 
L 34-36 0.5 0.1 -0.5 - 0.2 0.5 3.2 3.1 
r 37-39 0.6 - 0.5 -0.5 0.6 -0.3 5.1 3.4 
I 40-42 0.6 -0.8 -0.8 -0.3 -0.6 5.7 3.5 4 ...... .. .. 43-45 0.6 -0.6 -0.6 -0.3 -0.6 7.2 3.9 I i 
l 46-48 0.8 -1.1 -0.3 -0.7 10.7 4.5 
r 49-51 0.7 -0.1 -0.9 0.3 -0.2 14.4 7.3 
I 52-54 0.7 -0.3 -0.8 -0.1 -0.4 16.4 11.2 5 .... ' .... 55-57 0.6 -0.3 -0.4 0.0 -0.5 16.9 16.5 I 
I 58-60 0.8 -0.4 -0.4 0.0 -0.4 18.4 .... 
( 61-63 0.8 0.0 -0.3 -0.2 - 0.5 18.1 18.9 
I 64-66 0.8 -0.2 -05 -0.4 -0.4 19.4 19.4 
......... 67-69 0.9 -0.3 -0.6 -0.4 - 0.4 20.2 20.0 I 
l 70-71 0.7 - 0.3 -0.5 -0.2 - 0.4 20.6 
I 
Average .. . .. 1-12 -2.9 - 3.8 I 
-3.6 - 3.4 I - 4.0 -2.6 - 4.5 1'.l-71 I 7 - 0.1 0.0 9.4 7.8 
g: 
<:a:, 
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The plant in surface soil developed much like the plants in 
the Holdrege and Hastings cylinders, but unlike these it formed 
two branches. The second did not grow more than a few inches 
but the first formed a head. Neither this nor the head on the 
main stalk emerged fully from the sheath. The head on the 
branch formed two seeds and that on the main stalk three. On 
May 30 the plant was dying and on June 20 was quite dead. The 
cylinder was opened on the next day. Roots reached to the bot-
tom of the cylinder but those in the lower portion were few in 
number. The separation of the roots in the case of this cylin-
der was very difficult on account of the large number of old root 
fragments originally present in the soil. Those from the sixth 
foot were lost before being photographed. Only in the case of 
the surface foot was the free water exhausted, but in the next 
three feet of soil, while the moisture content was considerably · 
above the hygroscopic coefficient, it was below the wilting co-
efficient. In the lowest two feet free water was still abundant, 
there being 19.3 per cent in the sixth foot. 
The crevice between soil column and cylinder wall had reached 
to 6, 6, 9, and 9 inches in the case of the H 0 , Wauneta, McCook, 
and Lincoln cylinders respectively. In the case of the Holdrege 
and Hastings cylinders a small crevice extended to 48 and 42 
inches respectively. In the case of the surface soil a large 
crevice, one-fourth inch wide, had. formed to 30 inches and a 
smaller one, one-eighth inch wide, to 48 inches. This had been 
filled by the spatula with fine, dry soil which on opening the 
cylinder was found to completely fill the crevice to a depth of 12 
inches but not below. For reasons already given (p. 36) it is 
safe to consider that these crevices had little or no effect upon 
the exhaustion of the soil moisture. 
The five plants from the H 0, Wauneta, McCook, Holdrege, 
and Hastings cylinders are quite comparable with the ten plants1 
from which the seed had been obtained, altho they were somewhat 
taller, weighed more, and produced more seed than the original 
plants. The comparison is shown in Table 25. 
,Judging from root distribution, final moisture conditions, 
and observed changes in the condition of the plants, the death 
of the plants in the five cylinders of soil from the areas west of 
Lincoln was due entirely to exhaustion of the water supply. In 
four cases, viz, Wauneta, McCook, Holdrege, and Hastings, the 
conditions were extremely favorable to the complete exhaustion 
of the water, in that after a very extensive root system had been 
developed thruout the soil mass the death of the main portion of 
1 Secured by the writer from a field near Cuervo, N. M., in September, 
1910. The seed planted was from the mixture of the seed from ten 
plants. 
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each plant greatly reduced the transpiring surface, thus per-
mitting transpiration to continue for a long time before the death 
of the plants. 
TABLE Comparison of plants grown under field conditions 
in 1910 with those grown in greenhouse in 1911. 
Ten original 
plants from 
Cuervo, New 
Mexico, 1910 
Average height of plant, in inches . ............... .. 13.0 
Average weight of seed per plant, air-dry, in grams.. 3.91 
Average number of seeds per plant. .. .... . ... . . . . . . 144 
Average weight of single seed, in grams. . . . . . . . . . 0.027 
Five plants 
grown 
in cylinders 
1911 
32.8 
7.40 
228 
0.032 
20.89 Average weight of total dry matter at 110° C., in grams 9.88 
MEXICAN BEANS. 
Using seed from the same source as that employed in the pre-
ceding year on February 20 five germinated beans were planted 
in each of six cylinders. On March 1 all except the Wauneta and 
McCook cylinders had one or more plants above the surface. Mice 
ate off a number of the plants and on March 14 more seeds were 
planted in those cylinders in which plants had been destroyed 
while in each of the others the number of plants was reduced 
to the most vigorous four. Part of those from the second plant-
ing died within the first three weeks after appearing above the 
surface, probably for the reason that the older plants with 
their more extensive root systems prevented the younger ones 
obtaining the minimum amount of water required. 
On April 15 the plants were very uneven in growth. In the 
H O cylinder there were four of the early ones; these were all in 
bloom and were more vigorous than those in any other cylinder. 
The Wauneta cylinder had only three, all from the first planting. 
These also were all in bloom and nearly as vigorous as the pre-
ceding. The McCook cylinder bad three small plants from the 
second planting. The Holdrege cylinder carried one early plant 
in bloom and two late plants. but both the latter were dead. 
In the Hastings soil there was only one early plant in bloom 
together with two small late plants, while in the Lincoln 
cylinder there was one early plant in bloom and two small late 
plants, both the latter being dead. From this time on the differ-
ences between the plants in the different cylinders became still 
more marked. The data from the experiment are summarized in 
Table 26 and the moisture conditions at the close of the experi-
ment are shown in Table 27. Figure 32 shows the distribution 
of roots thruout the six feet. 
1st 
ft . 
2d 
ft. 
I 
ft. 
f t. 
h I 
ft. 
ft. 
H 0 
-
Wauneta McCook 1 Holdrege Hastings
Fig. 32. Roots of Mexi can beans, ex periment of 1911. 
I 
I 
I 
Lincoln
~ 
TABLE Data on experiment with Mexican beans in 1911
Weight of dry soil in cylinder, in grams . . . . 
Weight of water in soil on February 20, in grams . ... 
Weight of water in soil on opening cylinder, in grams . . 
Weight of water lost, in grams 
Time from planting to death of last plant, in days ..... .... . 
Number of plants . . . . . . .. . ....... . . . ...... . . . 
Number of pods which produced seed . . . . . . . . . . . . ... . 
Number of seeds . . . . ... . . . . 
Weight of seeds, air-dry, in grams . . . .. .. .... . ... . . .. . 
Weight of crop, dried at 110° C., in grams ... .. . .. . . . . 
Weight of water, lost per gram of crop, in grams . . . . .. . 
Weight of roots, at 110° C., in 1st foot, in grams .. 
Weight of roots, at 110° C., in 2d foot, in grams .. 
Weight of roots, at 110° C., in 3d foot, in . 
Weight of roots, at 110° C ., in 4th foot , in grams .. 
Weight of roots, 110° C., in 5th foot, in grams . 
Weight of roots, 110° C., in 6th foot, in grams . . . . .. 
Total weigh t of roots in the 6 feet, in grams. 
Total weight of roots below surface foot, in grams 
Date of death of plant ... .... . 
Date of opening cylinder 
Per cent of total water in soil of cylinder, February 20 . 
P er cent of total water in surface foot on opening cylind er. 
Per cent of free water in surface foot on opening cylinder . . . 
Per cent of total water in 2 -6 feet on opening cylinder .. . 
Per cent of free water in 2-6 feet on opening cylinder .. . 
HO Soil I Wauneta I McCook I Holdrege I Hastings I Lincoln 
44,849 
11,339 
3,498 
7,841 
74 
4 
5 
17 
2.98 
8 .51 
921 
0.305 
0.216 
0.123 
0.150 
0.794 
0.489 
-0.2 
7.4 
43,772 
12,502 
5,034 
7,468 
108 
3 
6 
17 
4.45 
9.14 
817 
0.255 
0.142 
0.032 
0.028 
0.059 
0.009 
0.525 
0.270 
43,772 
13,068 
4,684 
8,384 
126 
3 
1 
2 
0.35 
4.32 
1,941 
0.316 
0.198 
0.129 
0.127 
0.135 
0.036 
0.937 
0.621 
June 8 18 
June 22 July 18 
29.2 
- 3.3 
12.6 
3.2 
30.7 
6.7 
- 2.7 
11.5 
2. 1 
41,900 
13,296 
8,757 
4,539 
85 
3 
2 
9 
1.88 
4.41 
1,029 
0.288 
0.062 
0.059 
0.044 
0.021 
0.003 
0.477 
0.189 
41,334 
14,077 
8,556 
5,521 
87 
3 
2 
2 
0.46 
3.22 
1,714 
0.199 
0.154 
0.005 
0.009 
0.032 
0.003 
0.402 
0.203 
35,040 
11,920 
5,326 
6,594 
127 
1 
2 
5 
1.71 
6:06 
1,088 
0.203 
0.110 
0.055 
0.060 
0.053 
0.059 
0.540 
0.337 
May 18 June June 27 
May 31 June 22 June 27 
32.5 
8 .8 
-1.3 
23 .3 
12.6 
34.6 
5.5 
5.2 
23.7 
12.2 
36.4 
5.6 
-6.5 
17.1 
3.1 
q 
.::, 
.::, 
:£" 
.::, 
i 
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TABLE Free water on opening cylinders with Mexican beans in t he experiment of 1911. 
Depth of section 
I 
HO Soil Wauneta McCook Holdrege Hastings Lincoln 
:et Inches Per Per I Per cent Per cent Per cent Per cent 
I 1-4 - 4.2 -5.9 - 5.6 -5.7 - 8.1 - 8.7 
I 5-6 - 1.2 -4.2 - 3.9 - 3.4 - 6.6 -8.4 
..... 7-9 1.0 -2.7 -1.9 0.4 -4.6 -6.1 I 
L 10-12 3.6 -0.2 0.8 3.6 -1.3 - 2.9 
13-15 3.1 0.2 2.5 4.2 2.0 - 2.8 
I 16-18 1.9 1.6 2.7 I 4.3 4.2 2.0 
..... 19-21 1.9 2.1 2.7 4.6 5.7 4.8 I 
L 22-24 1.8 2.2 2.5 4.5 6.3 5.0 
r 25-27 1.8 2.4 1.9 4.6 6.3 5.7 
I 28-30 1.9 2.5 1.6 6.1 8.5 3.7 
..... 1 31-33 1.8 2.8 1.4 I 9.6 10.7 3.6 I L 34-36 1.8 2.6 1.3 12.3 12.4 2.7 
r 37-39 1.9 2.2 1.1 I 14.2 13.2 3.7 I 40-42 1.9 2.4 1.3 14.3 12.6 3.5 
..... 43-45 1.9 2.2 1.2 14.8 13.8 3.3 I 
I 46-48 I 1.9 2.0 1.4 14.6 14.0 3.3 
I 49-51 ; 1.9 2.3 1.7 I 16.0 15.4 3.0 
I 52-54 1.8 2.7 1.0 16.5 15.3 2.8 
.... . 55-57 1.7 3.6 1.7 16.6 15.5 3.1 I 
l 58-6() 1.7 4.8 2.1 17.2 16.3 2.8 
( 61-63 1.6 5.7 2.5 18.9 17.4 2.5 
I 64-66 1.6 5.9 3.1 18.7 18.0 3.0 
.... 67-69 1.6 I 6.2 . 3.8 I 19.1 18.0 3.0 I I 70-71 1.6 6.2 4.4 
I 
21.1 18.0 3.3 
. I I .. 1-12 -0.2 - 3.3 - 2.7 -1.3 - 5.2 -6.5 . . . . .. . 13-71 1.8 3.1 2.1 I 12.6 12.2 3.1 Average 
t--:l 
;;>' 
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In the R O cylinder, which carried four plants from the first 
planting, the first ripened on April 29, producing 10 beans. Two 
other plants died during the next few days without having set 
any seed, and the last plant was dead by May 7, having pro-
duced 7 beans. The cylinder was opened on the next day. Roots 
were abundant thruout the subsoil and the free water in the sub-
soil was quite uniformly reduced to 1.6 to 1.9 per cent, it being 
slightly lowest in the sixth foot where fine roots were most 
numerous. The moisture content of the subsoil was 1.0 to 0.7 
per cent below the wilting coefficient. 
In the Wauneta cylinder, in which there were three early 
plants, the first was dead by May 15, producing 6 beans. The 
second plant was still in healthy condition as late as May 30 but 
was dead by June 6. From the third plant 3 ripe pods containing 
11 beans were removed on May 18. It continued alive and 
blossomed again before the end of the month. As late as June 
6 it was in fair condition, but was found wilted early on the 
morning of ,June 7. The next day it appeared quite dead and 
was removed, but the cylinder was not opened until 15 days 
later. While some water may have been lost from the surface 
foot by direct evaporation during these 15 days, it is highly im-
probable that there was any important movement of water in 
the subsoil during the interval which elapsed between the harvest-
ing of the last of the crop and the opening of the cylinder.1 
Roots extended to the bottom of the cylinder but were not numer-
ous in the sixth foot. The free water in the subsoil had been re-
duced quite uniformly to 2 to 3 per cent to a depth of 54 
inches; below this it rose gradually to 6.2 per cent. To a depth 
of 54 inches the moisture had been reduced from 2.0 to 3.0 per 
cent below the wilting coefficient but in the sixth foot it was 
about 2.0 per cent above the wilting coefficient. 
In the McCook cylinder, in which there were three late plants, 
one on June 6 ripened a pod containing 2 beans. This plant, 
however, as well as the two others continued green but made 
no growth. By ,July 18 all had died without forming any more 
seed. The cylinder was opened that day. Roots extended to the 
bottom of the cylinder and were abundant thruout the first five 
feet. The free moisture in the upper four feet of subsoil had 
been quite uniformly reduced to 1.0 to 2.0 per cent. In the sixth 
foot there was still 3.4 per cent. 
In the Holdrege cylinder the single surviving plant, from the 
first planting, ripened on May 18, producing 9 beans in two 
pods. Roots extended to the upper portion of the sixth foot but 
they had drawn very lightly on the moisture in the subsoil below 
the third foot, there being from 14 to 20 per cent of free water 
'Alway, F. J ., and Clark, V. L., loc. c.it. 
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in the lower sections. Only in the first and second feet was the 
moisture reduced to the wilting coefficient. 
In the Hastings cylinder, w:hich carried one early plant and 
two late plants, the first ripened May 18, producing a single 
bean. On ::\fay 30 one of the remaining plants was in blossom 
but on ,Tune 6 both plants were dead. The cylinder was opened 
16 days later. In the distribution of roots and in the moisture 
conditions this very closely resembled the Holdrege cylinder. 
The single plant in the Lincoln cylinder ripened two pods 
with 5 beans on May 11. It continued green and blossomed 
again from May 18 to June 8, but was dead by June 27 without 
having formed any more pods. The cylinder was opened on that 
day Roots were quite abundant to the bottom of the cylinder, 
but not in nearly the quantity found in the H O cylinder. The 
moisture of the subsoil, except in parts of the second and third 
foot, where fine roots were not numerous, was reduced quite uni-
formly to 2.5 to 3.7 per cent of free water, or to 2.0 to 3.0 per 
cent below the wilting coefficient. (Figure 27.) 
The crevice between soil column and cylinder wall was en-
tirely wanting in the H O cylinder and reached to only 5 and 6 
inches respectively in the Wauneta and McCook cylinders, to 27 
and 18 inches respectively in the Holdrege and Hastings cylin-
ders, and in all cases was very small. In the Lincoln cylinder it 
extended to 18 inches. 
MAIZE. 
Four germinated kernels of a white flint variety obtained from 
the Sulphur Spring Valley Dry Farm were planted on February 
20 in each of two cylinders, Nos. 24 and 76, which had been 
filled with HO surface soil and H O subsoil as described on pages 
80 and 81. Four days later all the plants were up, and at the end 
of another week they were thinned to the most vigorous one in 
each cylinder. The two plants did well until the latter part of 
March. when the one in N'o. 76 from some unknown cause received 
a severe check. 
On April 11 that in No. 24 was in bloom and the next day the 
silk appeared. On April 29 the plant was 54 inches high and had 
7 leaves. On May 18 all the leaves were dead, and 12 days later 
the plant, then quite dry, was harvested arid the cylinder opened. 
The plant had formed a very small ear bearing 13 kernels. 
The plant in cylinder No. 76 recovered somewhat during April, 
and on the 29th of that month was 23 inches high It had already 
been in tassel two weeks but the silk did not appear until · May 
6, before which time all the pollen had fallen. AU of the plant 
except the ea r had dried up by May 18 but this was still green 
when the cylinder was opened on May 30. 
TABLE Data on experiment with maize and mesquite in 1911. 
Weight of dry soil in cylinder, in grams ...... . 
Weight of water in soil at planting time, in grams ........ . . .. .. . . .. . . 
Weight of water in soil on opening cylinder, in grams 
Weight of water lost, in grams. 
Time from planting seed to death of plant in days . ... 
Weight of seed, air-dry, in grams 
Weight of crop, dried at 110° C. , in grams 
Weight of water lost per gram of crop, dried at 110° C., in grams 
Weight of roots, at 110° C., in 1st foo t, in grams .. . ............ . 
Weight of roots, at 110° C., in 2d foot, in grams ... . .. . . . .... .... . .. . 
Weight of roots, at 110° C., in 3d foot, in .. . .... . . . .. .... . ... . 
Weight of roots, at 110° C., in 4th foot , in grams 
Weight of roots, at 110° C., in 5th foot, in grams 
Weight of roots, at 110° C., in 6th foot, in grams. 
Total weight of roots in the 6 feet , in grams 
Total weight of roots below the first foot, in grams 
Date of death of plant . . . . . . . . . . .. . . . . . 
Date of opening cylinder ... .. 
Per cent of total water in soil, February 20 . 
Per cent of total water in surface foot on opening cylinder .. 
Per cent of free water in surface foot on opening cylinder 
Per cent of total water in 2-6 feet on opening cylinder ... 
Per cent of free water in 2-6 feet on opening cylinder . 
Maize 
Cylinder 24 
47,258 
11,254 
3,308 
7,946 
99 
2.70 
14.38 
553 
0.548 
0.084 
0.071 
0.139 
0.203 
0.532 
1.577 
1.029 
May 30 
May 30 
24.3 
7.5 
-2.5 
6.9 
1.3 
Cylinder 76 
45,614 
11,198 
6,933 
4,265 
99 
.. . . 
5.1 
836 
0.079 
0.070 
0.019 
0.003 
0.002 
0.008 
0.181 
0.102 
May 30 
May 30 
25.1 
6.7 
-3.3 
16.9 
11 .3 
Mesquite 
Cylinder 23 
46,947 
10,989 
2,253 
8,736 
1 
7.1 ;;a 
1,230 
1.672 
0.382 
0.307 
0.243 
0.320 
0.590 '::: 
3.514 
1.842 
July 12 
""· July 12 
22.8 
4.5 
- 5.5 s;,. 
4.9 
- 0.7 
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No. 76. No. 24. 
Fig. 33. Corn 
plants 96 days 
after planting. 
Both dead. 
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Figure 33 shows the plants as they ap-
peared on May 27. The relation of the 
distribution of water to the root develop-
ment is shown in figure 34 and Table 29. 
In neither cylinder had a crevice 
formed between the soil column and the 
cylinder wall. 
In the first cylinder roots were abund-
ant thruout the soil mass, reaching to the 
very bottom of the cylinder, while in the 
other they were numerous in the first two 
feet of subsoil and very scarce in the three 
feet below. 
In No. 24 the free moisture amounted 
to a.bout l.5 per cent at all depths below 
the first foot while in No. 76 it rose steadily 
from 1.3 per cent in the upper part of the 
second foot to over 18.0 per cent at the 
bottom of the cylinder. The water in the 
first had been reduced to 1.0 per cent be-
low tl1e wilting coefficient but that in the 
other was still far above the wilting co-
efficient. ( Figure 22
SUMMARY OF EXPERIMEN T OF 1911. 
When the seeds were planted, the cylin-
ders carried from one and a half to three 
t imes as much free water as the same soils 
would have retained under fiekt. conditions. 
.-tbnormally high temperatures near the 
close of the experiment hastened the death 
of the wheat and bean plants, which in 
general had poorly developed root systems. 
orma.l milo and bean plants were pro-
duced on most of the soils, but all the wheat plants failed to make 
a normal growth and died while an abundance of free water still 
r emained in the subsoil. In one cylinder a maize plant de-
veloped roots to the bottom of the cylinder and uniformly re-
duced the water content to a point below the wilting coefficient. 
In nearly all the cylinders roots penetrated to the bottom but 
in the case of the wheat and the beans the development was in 
most cases much less than in the preceding two experiments. 
Where roots were developed in abundance the water content was 
reduced almost to the hygroscopic coefficient before the plants 
died. 
• 
Relation of Nonavailable Water to Hygroscopic Coefficient 107 
TABLE 29.-Moisture conditions in 
cylinders with maize. 
Free water 
Depth of section 
Cy!. 24 Cy!. 76 
---
Feet Per Per cent 
( 1-4 - 5.7 - 5.8 
I 5-6 - 3.8 -4.4 1. 7-9 - 1.4 - 2.6 I 
l 10-12 0.6 - 0.5 
I 
13-15 1.3 1.3 
2 . . . .. 16-18 1.2 3.1 19-21 1.4 5.9 
22-24 1.5 6.9 
I 25-27 1.5 
I 28-30 1.6 8.3 3 . .... 31-33 1.4 9.0 I 
l 34-36 1.3 9.5 
( 37-39 1.4 10.1 
I 40-42 1.4 10.6 4 .. ... 43-45 1.4 11.6 I 
l 46-48 1.3 13.0 
I 49-51 1.5 12.7 
5. 52-54 1.4 13 .8 . .. . 55-57 1.4 14.9 I 
l 58-60 1.4 16.5 
61-63 1.4 16.3 
I 64-66 1.4 17.9 6 . .. . 67-69 1.1 I 
I 70-71 1.0 18.4 
Average. 1-12 - 2.5 - 3.3 
Average. 13-71 1.3 11.3 
No. 24 o. 76 
Fig. 34. Roots of corn. 
1st 
foot 
2d 
foot 
3d 
foot 
4th 
foot 
5th 
foot 
I 
6th 
foot 
The branching of the milo p lants favored the exhaustion of 
the soil moisture by greatly reducing the transpiring surface 
after the root system had been fully developed and the moisture 
content much reduced. 
Little difference in the growth of plants and in the develop-
ment of roots was observed between the most westerly loess soil-
from Wauneta-and the neighbo,ring residual High Plains soil 
from Madrid. 
Except in the case of those from the most easterly of the five 
• 
• 
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localities on the loess, no difference was observed iu the readiness 
with which roots penetrated the soils or in the extent to which 
the free water could be exhausted, the latter probably being de-
pendent upon the form er. The eastern soils, which gave up their 
free water least completely, were much less calcareous than the 
others. 
In all the cylinder s a hard crust developed below the mulch. 
EXPERIMENTS WITH PERE,NNIAL DESERT LEGUMES. 
Three species were empl oyed more or less, viz, Prosopis velu-
tina (Mesquite), Acacia Greggi ( Catsclaw), and Acacia con-
stricta. The seeds of the first two were gathered near Benson, 
Arizona, and those o,f the last near Columbus, New Mexico. Both 
places are in desert r egions, the normal annual precipitation be-
ing a little under 10 inches. 
The seeds were planted on December 31, 1910, in small flower-
pots filled with surface soil from the Experiment Station farm . 
Later, part were transferr ed to larger flowerpots filled with the 
same soil. Until they were transplanted to the metal cyli nder and 
left to die a ll were water ed freely. 
E XPERIMENT 1.--In t his there wer e used two cylinders of gal-
vanized iron 6 inches in diam eter and 1 foot high, in the bottom 
of each of which ten small hol es had been punched. In the bottom 
of each a layer of coarse gravel ¾ of an inch in thickness was 
p laced and then H O subsoil tamped in to within 3 inches of 
the top. On F ebruary 4, 1911, one small mesquite plant (Pro-
sopis velutina was transplanted, soil and all, to each cylinder. 
The space between the black soil and the cylinder was filled 
wit h H O s,ubsoil. The snrface was covered with a one-half 
inch mulch of coarse sand, the top of this being one-half inch 
below the top of the cylinder. Then the soil was thoroly satu-
rated and the cylinders left in the greenhouse without further 
addition of water and without any protection from the sun's 
rays
The mesquites when transplanted were 4 inches high and 
bore 7 and 9 compound leaves, r espectively. On March 18 the 
plants were both 10.5 inches high and bore 15 and 14 compound 
leaves, respectively; even on this date some of the lowest leaves 
had fall en from each. On April 11 the tip of the plant in cylin-
der No. 3 was dead and only 6 compound leaves r emained, while 
the tip of the plant in cylinder No. 4 was still a live altho the 
number of compound leaves on it also was only 6. Nine days 
later the numbers of leaves were 4 and 6 respectively. On Ma.v 7, 
jnst before No. 3 was opened. when the plants were photo-
• 
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graphed (fig. 35 the numbers cf compound leaves were 1 and 5 
respectively and the tip of the plant in o. 4 was dead. On May 
15, when No. 4 was opened, the plant in it carried 4 leaves. 
Roots had penetrated the whole of the soil mass. For mois-
ture determinations, only the most protected portion of the H 0 
subsoil in each was used. All of the black soil and the 2 inches 
of subsoil below this, as well as the lowest 2 inches of the soil 
column and the 1 inch of the soil column next the cylinder wall, 
were removed and the remaining portion of the soil column, 
which was about 5 inches high and 4 inches in diameter, was well 
. 
' 
--
No. 4 No. 3 
Fig. 35. Mesquite plants of the same age. The two on t he left had 
been watered freely while the other two had not been watered for 
92 days. Altho no free water remained in the soil of the latter two 
cylinders,-even in the most protected portions,-both plants wer e 
alive. 
mixed and moisture determinations made in triplicate. The free 
water content in this soil portion from cylinder No. 3 was -0.8 
per cent and in that from No. 4 was -0.6 per cent. 
In figure 35 are shown the mesquite plants as they appeared 
on May 7, together with two others which had been transplanted 
at the same time as those in Nos. 3 and 4, but to large flowerpots, 
afterwards being watered daily. On May 7 each of the latter was 
about 26 inches high and bore about 30 compound leaves. 
.. 
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EXPERIMENT 2.-In this a 6-foot cylinder filled with H O sur-
face soil and H O subsoil was used. It had been filled and satu-
rated along with those described on pages 80 and 81. On February 
28, 1911, two mesquite plants were placed in this. In transplant-
ing the mesquites the surface soil was removed to a depth of 6 
inches and the whole of the soil from the two flowerpots intro-
duced so as not to disturb the roots of the mesquites, after which 
the open spaces were filled with the H O surface soil which had 
just been removed. A day mulch of H O surface soil was then 
added. Thus there was some Lincoln surface soil in the first 6 
inches of this cylinder but the quantity was small and its relative 
hygroscopicity was so similar to that of the H O surface soil that 
it might be considered as part of the latter. 
The larger of the two plants grew much the more rapidly, but 
both did well until early in .April, when the smaller began dying. 
The latter gradually declined until on June 6 it appeared quite 
dead. Its height was 14.5 inches. The other continued to grow 
until it was 47.5 inches high; then it began to drop its leaves, 
one by one, but on June 17 it still appeared quite vigorous. At 
the end of June it had lost most of its leaves and on the evening
of July 5, a day when the maximum temperature in the green-
house reached 130° F ., it appeared to have been killed. On July
12, the plant being quite dry, it was removed and the cylinder 
opened. About a dozen leaves remained on the plant when it 
died. 
A small crevice extended to the 9th inch but there was none 
below. Roots were well distributed thruout the subsoil. ( See 
Table. 28 and figure 36.) 
The subsoil, as shown in Table 30 and in •figure 22, was very 
dry, the moisture content being uniform and distinctly below the 
hygroscopic coefficient. There can be little doubt but that some 
little time before the death of the larger plant all free moisture 
had disappeared from both soil and subsoil. Under more favor-
able temperature conditions it would probably have continued to 
live for some time, notwithstanding the entire absence of free 
moisture, dropping its leaves one by one. Instead of continuing 
to thus drop its leaves until all were gone it bad died with a 
dozen still adhering. The temperature in the shade in the open 
air on that day was 110° F., while the maximum thermometer in 
the greenhouse recorded a temperature of 130° F. That it was 
not the high temperature, independent of the transpiration, which 
killed the plant is evident from the circumstance that various 
other mesquites and acacias, which were in the same greenhouse 
but which were watered daily, remained uninjured. Even two 
milo plants, those in the McCook and Holdrege cylinders. survived 
pages 94 and 95). 
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TABLE Moisture conditions at death of mesquite. 
Depth of section 
inches 
1-4 
1 5-6 . . 7-9 
10-12 
( 13-15 
I 16-18 2 19-21 I 
l 22-24 
( 25-27 
I 28-30 3 .. ... 31-33 I 
I 34-36 
( 37-39 
I 40-42 4 43-45 I 
l 46-48 
5 
49-51 
52-54 
55-57 
58-60 
61-63 
I 64-66 1 67-69 I 
l 70-71 
Average 1-12 
Average . .. . 13-71 
Total water 
cent 
2.7 
4.0 
5.1 
6.3 
4.5 
4.7 
5.0 
4.9 
5.0 
4.8 
5.0 
4.8 
4.9 
4.8 
4.7 
5.0 
4.9 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
4.9 
4.5 
4.9 
Free water 
Per cent 
- 7.3 
-6.0 
-4.9 
- 3.7 
-0.9 
- 0.6 
- 0.6 
- 0.8 
-0.6 
- 0.8 
- 0.6 
-0.7 
-0.6 
- 0.6 
- 0.6 
- 0.6 
- 0.6 
-0.6 
- 0.7 
-5.5 
-0.7 
Fig. 36. 
Roots of mes-
quites. 
1st 
foo t 
2d 
foot 
3d 
foot 
4th 
foot 
5th 
foot 
6th 
foot 
EXPERIMENT 3.-In this experiment three water-tight cylin-
ders, each two feet high and one foot in diameter, were used. The 
young plants were transferred from the flowerpots on June 17, 
1911, they being nearly 6 months old. The soil used was H 0 
subsoil except for the small amount of Lincoln surface soil from 
the small flowerpots, this having been transferred so as not to dis-
turb the roots. A large supply of H O subsoil had been brought 
to a content of about 14 per cent of total water and with this 
the cylinders were filled, with tamping, to a height of 18 inches 
T ABLE 31.- Rate of loss of water from cylinders carrying desert legumes
-· 
. 
I II 
Weight of empty cylinder, in grams. . . . . . . . . . . . 3,630 3,400 
Weight of cylinder with soil , June 17, in grams . . . .. . . .. . . . . 69,400 69,630 
Weight of cylinder with soil, August 11 , in grams .... . . . .. .. . .. 64,410 65,200 
Weight of cylinder with soil, August 26, in grams . . ... 64,210 64,690 
Weight of cylinder with soil, September 2, in grams .. . 64,100 64,380 
Weight of cylinder with soil, September 16, in grams .. 64,010 64,350 
Weight of cylinder with soil , September 23, in grams . . . .. . . 63,960 64,210 
Weight of cylinder with soil , September 30, in grams 
. . .. ... . . ... 64,290 
Weight of cylinder with soil, October 6, in grams . . .. . . I 64,180 
Weight of cylinder with soil, October 13, in grams .. . ... .. . . . .. . . .. . . 64,150 
Weight of soil, dried at 110° C., in grams . . 57,833 58, 172 
Weight of water in soil of cylinder, June 17, in grams ... . . 7,937 8,058 
Per cent of water in soil of cylinder, June 17, in grams 13.7 13.8 
Per cent of water in soil of cylinder, August 11 , in grams .... 5.1 6.2 
Per cent of water in soil of cylinder, August 26, in grams . 4.7 5.3 
Per cent of water in soil of cylinder, September 2, in grarns 4.6 4.8 
Per cent of water in soil of cylinder, September 16,-in grams . . ... . 4.8 
Per cent of water in soil of cylinder. September 23, in grams . . . . 4.5 
Per cent of water in soil of cylinder, September 30, in grams 4.7 
Per cent of water in soil of cylinder, October 6, in 4.5 
Per cent of water in soil of. cylinder, October 13, in grams . . 4.4 
III 
3,630 
70,330 
66,330 
65,590 
65,330 
65,190 
65,020 
65 ,050 
65,020 
65,020 
58,598 
8, 102 
I 13.8 
7.0 
5.7 
5.3 
5.0 
4.7 
4.8 
4.7 
4. 7 
.:i 
:s-
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from the bottom . The leguminous plants were transferred, soil 
and all, and placed on this subsoil. Then more of the moi st R 0 
subsoil was packed firml y around and on the top of the trans-
ferred black soil. Then the whole was covered with two inches 
of air-dry H O subsoil. After the transplanting t he cylinders 
were kept in a. cool, partly shaded room until July 6, when they 
were so placed in a pit in the greenhouse that the tops of the 
I 
111 
Prosopis velutina and 
Acacia constricta 
A cacia Greggi 
I 
Prosopis velutina
Fig. 37. Deser t legumes in 2-foot cylinders when growth had ceased. 
I 
cylinders projected from two to three inches above t he level of 
the ground. No water was added. The plants showed no sign of 
injury from the transfer and afterwards a ll made considerable 
growth. 
The three cylinders carried the following : 
I. Tln·ee plants of Prosopis velutina. 
II. Four plants of Acacia Greggi. 
III. Three plants of Prosopis velutina and one plant of Acacia 
constricta a. 
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The first sign of injury was observed early in August in the 
case of I, and on August 11 the tips of all branches on the plants 
in this were dead and the lowest leaves had begun falling. In II 
and III, on the same date, the tips, were uninjured and no leaves 
had fallen. Growth had ceased in I and II by August 15, when 
the photograph (figure 37) was taken, and in III by September 1. 
On August 16 the tallest plant in I was in the worst condi-
tion, while many leaves had fallen from the second plant and a 
few from the third. In II all the tips were dead and the lowest 
leaves had fallen. In III none of the plants was yet injured. 
Cylinder I was opened on September 23 and the other two 
were opened on October 13. In none were all the plants dead 
when the cylinders were opened but in the case of each all the tips 
had died and nearly all the leaves had fallen; the most vigorous 
plant in each retained only from five to seven compound leaves. 
The cylinders were weighed on June 17, after the plants had 
been placed in them, and again on August 17 after the first signs 
of injury from drouth were noticed. After the latter date they 
were weighed at intervals until opened, using scales sensitive to 
15 grams. During the three weeks preceding the opening of cylin-
ders II and III the loss in weight was practically nothing, while 
during one week, September 23 to 30, there was a slight gain in 
weight. This week was characterized by cloudiness and un-
usually high humidity of the air, and the increase in weight is to 
be attributed to the increase in the amount of hygroscopic mois-
ture in the dry surface mulch. Table 31 shows the loss in weight 
of the cylinders and the average per cent of water in the soil of 
the different cylinders. The weights of the plants are included in 
those of the soil, but the former were too small to appreciably 
affect the results. 
In none of the cylinders did a crevice form between cylinder 
wall and soil column. The roots penetrated to the bottom of the 
cylinders, being most abundant in the lowest three-inch section. 
The moisture conditions existing at the time of opening the cylin-
ders are shown in Table 32. Free water had entirely disappeared. 
Below th e first foot the moisture content was practically uni-
form_ The black surface soil, in which the plants had been started 
and which was transferred with these, appears, from the mere 
statement of the amount of free water, to be drier than the con-
tiguous subsoil, but in reality it is not, both being about half 
saturated with hygroscopic moisture. This black soil was pres-
ent in the form of three or four conical masses surrounded en-
tirely by H O subsoil. 
SUMMARY OF EXPERIMENTS plants remained alive after 
the water content had fallen slightly, but distinctly, below the 
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hygroscopic coefficient and even to a point at which the milo had 
died. When conditions were favorable they adjusted themselves 
to the gradually increasing difficulty of absorbing water, due to 
the soil steadily becoming drier, by dropping their leaves one by 
one, transpiration finally almost ceasing. When however, con-
ditions causing an abnormally high transpiration suddenly set 
in, the plants died without dropping their leaves. 
TABLE 32.-Moist,ure conditions in cylinders carrying desert le-
gumes. 
Total water Free water 
Depth of section 
I II III I II III 
Inches cent cent Per cent Per 
1-3 2,6 2.2 2.2 -3.0 -3.4 -3.4 
4-6 2.8 2.7 3.0 -2.8 -2.9 -2.6 
7-9 3.6 3.8 4.0 -2.0 -1.8 -1.6 
10-12 4.3 4.6 4.4 -1.3 -1.0 -1.2 
4.8 4.8 5.1 -0.8 -0.8 -0.5 
16-18 4.9 5.0 5.2 -0.7 -0.6 
19-21 4.9 5.0 5.3 -0.7 -0.6 -0.3 
22-24 4.8 5.0 5.2 -0.8 -0.6 -0.4 
Black soil* .... .. .. 5.7 6.0 5.3 -5.6 - 5.3 -6.0 
* This was between the 4th and the 9th inches and was entirely surrounded 
by HO Subsoil. 
The experiments furnish no evidence of any ability on the 
part of these legumes to utilize for growth the last portion of free 
water, but they indicate that this portion has a very high value 
for the maintenance of life and that even some of the water below
the hygroscopic coefficient may be available for the maintenance
of life in these plants. 
This evident ability of these desert plants to make use of 
water below the hygroscopic coefficient suggests that the absolute 
limit of soil water available for either growth or the mainte-
nance of life may be the hygroscopicity as defined by Rodewald 
and Mitscherlich.1 
THE HYGROSCOPIC COEFFICIENT VERSUS THE WILTING COEF-
FICIENT IN COMPARISONS OF THE AVAILABLE 
MOISTURE OF SOILS. 
The free moisture in semiarid and arid soils, in so far as the 
above-described experiments and the results of unpublished field 
studies permit conclusions to be drawn, appears to be capable of
more complete exhaustion by plant roots before the plants die 
1 Rodewald, H., and Mitscherlich, A. Die Bestimmung der Hygroskop-
izitat. Landwirthschaftlichen Versuchs-Station, 1904, vol. 59, pp. 433-441. 
116 Research Bulletin No. 3 
than does that in humid soils. This may be due simply to the 
more complete penetration of the soil mass by the roots in the 
case of the semiarid and arid soils, and this in turn be due to 
the flocculation of the clay in the latter. It is well known that 
the arid and semiarid soils are strongly calcareous compared with 
hmnid soils, a good illustration being furnished by the loess 
soils of the Transition Region. 1 
Briggs and Shantz consider that a statement of the free 
water may he very misleading in comparisons of the available 
moisture in soils. The most of the experiments described above 
furnish little or no evidence as to the correctness of these views, 
the cylinders in most cases not having been opened until long 
after growth of the contained plants had ceased. The few excep-
tions include cylinders I and IV with wheat in 1909 and cylin-
ders I and II with beans in 1910. The former ripened seed nor-
mally and as soon as the plants appeared quite ripe the cylin-
ders were opened; in both the moisture of the subsoil had been 
quite uniformly reduced to more than 2 per cent below the wilt-
ing coefficient. Much the same was true for the two cylinders 
with beans in 1910. 
Some evidence is furnished by the numerous cylinders in 
which when the plants died the moisture content of the upper 
portion of the subsoil, where roots were the most numerous, was 
1 Alway, F. J. Composition of the Loess Soils of the Transition Region, 
Eighth International Congress of Applied Chemistry, 1912, Report of Sec-
tion VII, p. 11. 
2 They have incorrectly stated the writer's earlier views as to the 
basis for comparing the available moisture in soils. They state: "In the 
absence of a more definite relationship between the wilting coefficient 
and the hygroscopic coefficient, Alway has advocated deducting the hygro-
scopic coefficient from the field soil-moisture determinations as a basis for 
comparing the available moisture in soils." (Bui. 230, Bureau of Plant 
Industry, p. 66.) On the contrary the writer had stated that the "free water," 
obtained by deducting the hygroscopic coefficient from the total water 
( = field moisture determination), "does not indicate the amount of water 
that is available in such form that the plant can continue a normal 
growth. * * * It is probable that the normal growth ceases when 
the percentage of free moisture falls to from 4 to 8 per cent according 
to the soil." (Bui. 130, Bureau of Plant Industry, p. 38.) A comparison
of the fields on the basis of the amount of free water in the first six feet 
assumes that a definite value is to be attached to a certain percentage of 
free water, independent of the kind of soil * * * in which it occurs. 
It is evident from Hilgard's work, however, that a higher percentage of free 
moisture is required on clay than on sandy soils in order that plant 
growth may continue. * * * It has been assumed that the lower limit 
of free moisture in the boulder clay is 4.5 and in the lacustral clay 6.0 
per cent. The free water less this 4.5 or 6.0 per cent is for convenience 
at present designated the 'x water.'" (Jour. Agr. Sc., vol. 2, pp. 338-340.) 
In the earlier publication this "x water" had been referred to as "water 
probably available for normal plant growth." (Bui. 130, Bureau of Plant 
Industry, p. 37.) · 
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much below the wilting coefficient while that of the lower portion, 
where the roots, altho much less abundant, were still present, was 
much above the wilting coefficient. This would indicate that 
when once the roots are developed in the subsoil they fail to dis-
tinguish sharply between the portion of the free water above the 
wilting coefficient and the portion below; otherwise, after the 
moisture in a ·portion of the subsoil had been reduced to the wilt-
ing coefficient, water removal from this portion would cease so 
long as roots of the same plant were in contact with subsoil with 
a moisture content above the wilting coefficient. It seems that in 
reality the roots in the drier portions of the subsoil may be re-
moving "water nonavailable for growth" at the same time that 
roots. of the same plant in moist subsoil are removing wate
available for growth." 
Even if the soil moisture supply is so low that no growth can 
take place, it ma;y suffice for the maturing of some seed, as with 
a wheat crop, or for the maintenance of life in the case of per-
ennials. With the latter the mere maintenance of life thru a 
very dry period may be far more important than any growth in 
that particular year, as in the case of orchards, hedges, and even 
alfalfa fields. A slight difference in the ability of a perennial 
plant to make use of the last portion of the free water may deter-
mine whether or not it is adapted to extremely severe conditions. 
As an illustration of the relative value of the two coefficients 
in comparisons of available moisture in field studies the data in 
Tables 33 to 36 are presented. The field referred to in Table 
33 is on the farm of Hon. George Coupland near Elgin, Nebraska. 
It had been in alfalfa for ten years and at the time of sampling 
there was still a fair stand of healthy plants. The water-table 
was probably at a depth of 45 to 50 feet below the surface of 
the field, the soil of which consists of loess to a depth of 35 feet. 
The aJfalfa field referred to in Table 34 is adjacent to the Ne-
braska Experiment Station farm. It had been in alfalfa for 
five or six years and, judging from its vigorous growth during 
prolonged drouths, the alfalfa plants derived much water from. 
the water-table, which at the time of sampling was between 11 
and 12 feet below the surface. The locust grove (Table 35) is on 
the H O Ranch near Madrid, in westem Nebraska. At the time 
the samples were taken it had passed thru a drouth remarkable 
both for its duration and for its severity. All the trees, altho 
not in leaf at the time, were alive, as evidenced by their still being 
alive a year later. The abandoned olive orchard referred to in 
Table 36 is near Casa Grande, Arizona, and has been described by 
Mason The samples were taken by the writer from a trench 
1 Mason, S. C. Drought Resistance of the Olive in the Southw€stern 
States. Bui. 192, Bureau of Plant Industry, U. S. Dept. of Agriculture 
1911, p. 13. 
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excavated at the base of an olive tree beside which was growing a 
mesquite. The former was about 18 years old, and the latter, 
judging from the number of annual rings, was l1 or 12 years old. 
The roots of the olive did not extend more than 3 feet below the 
surface, but the tap-root of the mesquite extended below the sixth 
foot. On the day before the samples were taken a rain of 0.70 
inch had fallen. 
In the case of the two alfalfa fields the plants were growing 
normally and in the one the roots were evidently deriving much 
of their water from the water-table. However, in both cases the 
moisture of the subsoil to a considerable depth had been reduced 
TABLE 33.-Moisture conditions in an old alfalfa field near Elgin, 
Nebraska,, August 24, 1911. 
Depth Hygroscopic Wilting "Water Total water Free water available forin feet coefficient coefficient growth" 
-----
Fer Per cent Per cent 
1 12.4 8.3 12.2 4.1 0.2 
2 to 6 11.5 9.3 13.7 2.2 -2.2 
7 to 12 11.7 10.2 15.0 1.5 - 3.3 
13 to 18 12.8 10.1 14.8 2.7 - 2.0 
19 to 24 13.1 9.9 14.5 3.2 
25 to 27 13.6 10.3 15.2 3.3 -1.6 
28 to 30 15.6 10.1 14.8 5.5 0.8 
31 18.1 10.3 15.2 7.8 2.9 
32 20.1 10.5 15.4 9.6 4.7 
33 20.2 10.0 14.7 10.2 5.5 
34 21.1 10.0 14.7 11.1 6.4 
35 19.9 9.5 14.0 10.4 5.9 
36 12.6 4.7 6.9 7.9 5.7 
TABLE 34.-Moisture conditions in a naturally subirrigated al-
falfa field near the Nebraska Experiment Station farm, 
August 4, 1911. The water-table was about 12 feet below the 
surface. 
I 
Depth Hygroscopic Wilting Free water 
"Water 
Total water available for in feet coefficient coefficient growth" 
Per cent cent Per cent 
1 10.8 9.7 14.3 1.1 -3.5 
2 to 4 13.0 9.4 13.8 3.6 -0.8 
5 to 6 14.1 11 .6 17.0 2.5 -2.9 
7 to 8 22.0 13.7 20.2 8.3 1.8 
9 25.6 13.3 19.6 12.3 6.0 
10 25.7 11.0 16.2 14.7 9.5 
11 26.5 11.5 16.9 15.0 9.6 
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TABLE 35.- Moisture conditions in a young locust grove near 
Madrid, Nebraska, on A.pril 20 1911. 
Depth H ygroscopic Wilting "Wat er Total water Free water available for in feet coefficient coefficient growth" 
Per cent cent cent 
1 13.7 9.8 14.4 3.9 - 0.7 
2 11.8 10.5 15.4 1.3 - 3.6 
3 10.4 12.0 2.2 - 1.6 
4 9.8 7.5 11.0 2.3 -1.2 
5 8.5 7.0 10.3 1.5 - 1.8 
6 7.9 7.2 10.5 0.7 -2.6 
7 8.0 7.3 10.7 0.7 -2.7 
8 8.1 7.1 10.4 1.0 -2.3 
9 6.7 9.8 1.6 - 1.5 
TABLE 36.-Moisture conditions in an abandoned olive orchard 
near Casa Grande Arizona, October 6, 1911. 
Hygroscopic Wilting "Water Depth Total water Free water available for 
coefficient coefficient growth" 
cent Per cent cent 
lto 4in. 6.0 8.8 4.3 1.5 
7 to 12 in. 6.2 6.9 10.1 - 0.7 - 3.9 
13 to 18 in. 6.8 7.2 10.6 - 0.4 -3.8 
19 to 24 in. 8.5 9.0 13.2 - 0.5 -4.7 
3d foot 13.4 13.8 20.2 -0.4 - 6.8 
4th foot 9.3 10.6 15.6 - 1.3 -6.3 
5th foot 7.8 8.1 11 .9 - 0.3 -4.1 
6th foot 6.9 7.5 10.0 -0.6 -3.1 
below the wilting coefficient. In the other two instances trees 
were alive while their roots occupied subsoil with a moisture 
content much below the wilting coefficient. 
SUMMA RY AND CONCLU SIONS. 
Water-tight cylinders, 6 feet long and holding about 100 
pounds of soil, were either filled with dry soil, saturated with 
water, and drained before sealing at the bottom, or filled with 
soil already containing the desired amount of moisture. These 
were removed to a greenhouse, seeds of wheat, milo, beans, or 
maize planted in the moist surface soil, and no more water 
added, the resulting plants being allowed to grow until they ma-
tured normally or died. Upon the death of all the plants in a . 
cylinder it wa s opened, both the total and the free water in 
each 3-inch section of soil determined, and the distribution of 
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roots observed In other cylinders three perennia I desert legumes 
were grown until they died or were near their limit of endur-
ance then the cylinders were opened and the moisture con 
and root distribution determined. 
In all the cylinders bearing plants, a hard crust developed
below the surface mulch of dry soil but it seemed to have no in-
jurious effect. The formation of such a crust is to be regarded 
as unavoidable where during a prolonged period of rainless 
weather plants with a well-developed root system and a very
limited amount of moisture in the subsoi l are transpiring a large 
amount of water. 
In their ability to exhaust the moisture of the subsoil before 
dying, Red Fife wheat, Kubanka wheat, rnilo. Mexican beans, and 
maize showed littl e difference, but in their ability to continue 
al ive after first showing serious injury from drouth they ex-
hibited rnarked differences. The interval between wilting and 
death in the case of the beans amounted to only a few days but 
in that of wheat and milo it often extended to many weeks. 
Where there was a well-developed root system and no remark-
ably unfavorable conditions occurred before the death of the 
plants, the moisture content could be reduced by any of these 
plants almost to the hygroscopic coefficient. 
In experiments with perennial desert legum es the plants re-
mained a live after the water content had fallen slightly. hut 
distinctly, below the hygroscopic coefficient even to the point at
which all the nhove-rnentioned annual crop plants had died. 
Under favorable con dition s these legumes adjusted themselves 
to the gradual ly increasing dryness of the soil by dropping their 
leaves one by one. but where, with the subsoil moistnre already
reduced to near t he hygroscopic coefficient, condit ions cau'sing 
an abnormally high transpiration suddenly set in, death oc-
curred without the leaves having dropped. While the experi-
ments furnish no evidence of any ability on the part of these 
legumes to utilize for growth the last portion of free water, 
they indicate that this portion has a very high value for the 
maintenance of life and that even some of the water below the 
hygroscopic coefficient may be available for the maintenance of 
life i.n these plants. 
In the portions of a semiarid subsoi l where roots are well de-
wloped the final content of free water is independent of the dis-
tance from the surface, except where the stored water is much in 
excess of the amount required for the complete maturity of the 
plant. 
When t he portion of the subsoil in immediate contact with the 
roots contains only a comparatively small amount of free water, 
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crop plants may di e quickly if conditions are such as to cause 
an unusually rapid transpiration. An abundance of free water 
in deeper portions of the subsoil, into which but few roots have 
been developed, may not avail to carry the plant over such a 
critical period. 
The economy in the use of a certain amount of free water 
stored in the subsoil may be much affected by its distribution. A 
high content confined to the portion of the soil near the surface 
may induce a rapid growth of the plants and an economical use 
of the water in so far as the production of foliage alone is con-
cerned, but the resulting large transpiring surface may cause the 
death of the plants before they reach maturity. The same 
amount of free water distributed thru a greater depth may in-
duce a slower growth, allow a longer lease of life, and so permit 
of the production of seed, while if the same amount he distributed 
thru a still greater depth the content of free water may every-
where be too low to permit of the development of ruots, thus ren-
dering t he free water nonavailable. 
The loss of water from the subsoil of dry lands under crop 
seems to take pl ace almost entirely thru transpiration. In the 
absence of plants the loss from the subsoil is small. The stored 
moisture of the different depths of subsoil in the field becomes 
available to the pla nts by the roots being developed into these 
depths, but little moisture being elevated to the roots by capil-
larity However , in the case of subsoils saturated in cylinders 
or pots and comparable to such field subsoils as are only a few 
feet above the water-table, the content of free water is so high 
that large amounts of moisture may be elevated to the roots by 
capillarity. The amount of water retained by a soil saturated in 
pots or cylinders is far in excess of the a.mount retained by a 
similar soil saturated in a field where the water-table is at a 
considerahle depth below the surface, as in ordinary dry-land 
soils. 
'l'o obtain a basis for comparing the available moisture in 
soils, either the hygroscopic coefficient or the wilting coefficient 
may be used. In general the one may prove as satisfactory as 
the other, but in considering the germination of seeds and the 
development of roots, and hence the whole of the earlier portion 
of the life of annual crop plants, the wilting coefficient appears 
the preferable ; while in considering th e production of seed in 
the case of annual crop pl ants. and th e maintenan ce of life and 
even the growth of perennial plants, the hygroscopic coefficient
appears much the preferable. 
In the case of ordinary dry-land soils, the water-table being 
at a considerable depth below th e surface, the maximum amount 
• 
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of soil water available to plants, for growth and for the main-
tenance of life, is approximately equal to the free water-the 
difference between the total water and the hygroscopic coefficient 
-in those portions of the soil and the subsoil occupied by the 
roots. For some plants the available water appears to be some-
what greater and for others somewhat less than the free water . 
• 
